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ABSTRACT

Essential requirements of a base isolation system include wind restraint, stability, and fail­

safe capacity. A new base isolation system combining sliders and rubber bearings inherently

satisfies all three requirements. and possesses other advantages. The "ystem was tested on the

Earthquake Simulator at the University of California at Berkeley by installing it under the base

of a one-fourth scale nine-story steel structure and subjecting it to different earthquake inputs.

The base behaves as fixed for low magnitude inputs. When sliding starts the rubber bearings

provide additional stiffness and recentering. Under very severe inputs the tension devices reach

their locking limit and cause a large increase in the stiffness of the system. Areas of base shear

hysteresis loops are drastically enlarged by the addition of sliders. Displacements are better con­

trolled than the ones for a purely elastomeric isolation system. Vertical deflections due to large

horizontal drift encountered in solely rubber systems, are eliminated. The fail-safe capacity is

provided by the tension restrainers and by the constant contact of the sliders with the base. The

sliders were also tested separately on a static rig. The frj.;tion coefficient for tefton-stainless

steel increases with sliding velocity and decreases with pressure. Teflon sustains high pressures

without remarkable changes in its properties. The main aspect of its wearing is delamination.
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CHAPTER ON E

TEFLO~ AND RUBBER FOR BASE ISOLATION

Base isolation is a seismic design strategy based on the concept that a structure can be partially

protected from earthquakes hy uncoupling it hom the ground. This cun be achieved by mounting the

structure on horizontally flcxihle foundations capable of accommodating relatively large displacements

and thus acting as shock ahsorbers. The debate among engineers whether to attach a structure rigidly

to the ground or to let it move at very low frequency has existed since 1909 (1J. The more

conventional method has almost always been chosen.

Base isolation is rapidly gaining acceptance, however, and many systems have been proposed in

recent years. The buildings which have been constructed ''\'Urld-wide using the concept have in the

main been built using laminated elastomeric bearings of natural or artificial rubber, often with

additional clements for thc purpose of enhanced energy dissipation and control of displacements under

wind loading [2, 3. 4). A three-story school in Lambesc ncar Marseilles, France. consisting of three

buildings separated by seismic gaps, uses 152 multilayered c1astomeric isolall'rs [5J. The isolators are

12 inch diameter circular pads containing 20 layers of ruhher for a total rubber thickness of 1.6 inches.

A government office building in Wellington. New Zealand, is built on laminated natural rubber

bearings with cylindrical lead plugs pressed in a central hole. The effect of the lead is to increase the

damping and to provide displacement control. In South Africa, a nuclear power plant rests on an

isolation system using neoprene bearings with bronze-stainless steel sliders installed on top of the

bearings, designed by a French construction company [6]. When the neoprene bearings can no longer

accept the increasing horizontal displacement. sliding starts. Interest in base isolation is extremely high

in Japan. and there are now several buildings in that country on isolation systems, mostly of the

elastomeric bearing type with additional damping clements.

In the United States, the first building using laminated elastomcric pads for seismic protection is

the Foothill Communities Law and Justice Center in Rancho Cucamonga [7J. It was dedicated on 20

March 1986. In Salt Lake City, the City and County building is in the process of being rehabilitated by

the insertion of elastomeric isolators between its base and the ground [8J. Base isolation seems to be



-2-

the best solution for the rehabilitation of old buildings that contain procious architectural detailing.

There are several important requirements for hase isolation systems. They have to provide a low

frequency motion with relatively high damping in order to limit the displacements to an acceptable

value. The system must incorporate a wind restraint and have a recentering effect. In the case of an

unexpectedly severe earthquake. the system must provide a fail-safe capacity.

Sliding systems have been proposed as aseismic isolation systems because of their inherent

simplicity and their relatively low cost. However, they present problems such as excessive drift and

lack of fail-safe constraints. This is mainly due to thdr force-deflection characteristics which show no

resistan" once the sliding threshold is overcome. In addition, they may produce a very low effoctive

frequency, because of the magnitude of the input, leading to extremely large relative displacements.

The arrangement tested in the present research combines sliders with elastomeric springs, and

thereby produces a system with the desirable features of a base isolation system and none of the

disadvantages of a purely sliding system. The damping needed in a base isolation system is here

provided by friction energy dissipation. The high energy dissipation capacity of the system. shown by

the large area of its hysteresis loops, is caused by the addition of the sliders.

Sliding bearings are used in large reinforced concrete structures to control shrinkage cracking and

thermal deformations, but in that application, they include a mechanism that locks up the building at

one end, so that the sliding clements play no role in the seismic response of the structure. The present

system replaces the lock-up mechanism by flexihle ruhher hearings arranged around the periphery of

the building, and incorporates the sliding clements into the seismic response.

Since this system is but a slight modification of an existing practice. it i'i possible that resistance

to the usc of such a system by civil engineers will he less than that which has been shown against the

rubber bearing isolation system which is a more radical departure from conventional engi!leering.
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CHAPTER TWO

TEST STRUCTURE AND ISOLATION SYSTEM

1. Test Structure

A one-fourth scale, nine-story steel frame was used in this experiment. The structure comprised

four one-bay frames in the transverse direction and two three-bay frames in the longitudinal direction.

An eccentric K-bracing system was placed in both directions. In the middle bays of the longitudinal

frames, the hraces had an eccentricitv of 6 inches and consisted of double angles 1 1 )( 1 1 )( 1 inch at
.. 2 2 4

the first and fifth to ninth Hoors, and consisted of double angles 1)( 1 )( ~ inch at the second, third and

fourth floors. On the two exterior transversal frames, the braces had an eccentricity of 16 inches and

consisted of double angles 1 1 xli x 1 inch for the upper seven stories and double angles 2 x 2 x 3
2 2 ~ M

inch for the lower two stories. For the girders, single angles 3 x 3 ~ x ~ inch were used to make an

X-shaped brace system. The floors were about 3 feet high each, except for the first floor which was 4

feet high. The structure and its dimensions arc shuwn in Figure 2.1, and the scale factors are tabulated

in Table T-2.1.

As a rule of thumb, the fundamental period of a structure in seconds is close to one tenth of its

number of stories. There is no risk of resonance between the fundamental frequency of a stiff building

and that of the isolation system. For this reason, base isolation is well suited to low-rise buildings.

The center of gravity of a short building is relatively low and, thus, so is its overturning moment, so

that the clastomeric pads on which a base-isolated structure rests would always be in compression.

Very tall buildings of more than 20 stories have a fund"mental period above 2 seconds, and therefore

do not need to be base isolated. Hence, there is a critical category of medium-size structures between

9 and 20 stories, for which isolation can be effective but for which uplift can play a role in the

performance of the isolation system. The structure simulated in the present experiment falls into this

category. Its fixed base fundamental frequency was 3.4 Hz, corresponding to 1.7 Hz in the prototype,

For this rcason, it was well suited to examine the possibility of extending the concept of base isolation

further for medium rise buildings.
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2. Mass Distribution

In order to introduce the desired inertia forces and overturning moment, concrete slabs were

allached to the frame girders. The distribution of the concrete weights was limited by the shaking

tahle load cap<icity of about 130 kips and its overturning moment capacity of about 1,100 kip-ft. The

mass distrillution is shown in Figure 2.1. The weight of the structure was about one kip per story, and

after addition of the concrete slabs, the weight was distributed in a pattern of

i - '} - 9 - 9 - 9 - 13 - 9 - 9 - 9.2 - 14 kips, from top to honom, leading to a total of about 91 kips for

the entire model. At the fourth floor, a slightly higher mass was provided to increase the overturning

moment effect in the response. The large mass <it the base simulates the boltom slab of a real building

which is generally heavy and rigid in order to distribute the vertical loads transmitted from the upper

stories to the foundations uniformly.

3. Elastomeric Bearings

The idea of base isolation was proposed many years ago. However, it did not become practical

until recent developments in the use of elastomers.

Rubber-like materiaLs ha\'e been widely used in engineering applications, for purposes other than

earthquake protection of buildings. Elastomeric blocks have been installed under bridge decks to

accommodate slow differential movements; they have found application in the isolation of buildings

against high frequency vibrations caused by traffic and they have also heen used as clastic foundations

for madinery and motors.

For the seismic protection of structures, c\astomeric bearings have to fulfill different conditions. It

is commonly accepted that vertical components of earthquake motion are much less severe in their

effects than horizontal ones. Damage to a structure is mainly due to amplification in the horizontal

direction. For this reason, seismic isolation uses elastomeric bearings that are very stiff in the vertical

direction, but can accommodate large horizontal deflections. Large venical stiffness avoids the

amplification of rocking motion. Large horizontal flexibility causes the building to behave roughly as a

single degree of freedom oscillator in the horizontal direction. lIS motion will have a very low



-5-

frcqucn~y be~ause of the large mass and tne low stiffness. By careful design of the bearings in

relation to the mass of the building, this frequency can be hrought to a value low enough to be outside

the range of frequency content of earthquake excitation.

The pads used in this experiment were multilayered c1astomcric bearings made of thin rubber

layers interleaved by thin steel plates. In the fabrication process, the rubber and steel arc bonded

together under high temperature and high pressure. The effect of the bond is a suhstantial increase in

the compression modulus [9, 10), which prevents (he rubber from bulging when subjected to a vertical

load.

For the same mass distribution on the model, yielding 91 kips of total weight, CWo isolation

systems using elaslomeric hearings were used. A previous isolation system consisted of a set of eight

filled rubber hearings provided by the Malaysian Ruhber Producers' Research Association (MRPRA set

#1), Hertford, England. Then steel-teflon sliders were used under the four intemal columns of the

structure and four natural ru"ber bearings with cylindrical central holes were installed under the

corners. The central holes were initially designed to lodge a lead plug in each bearing to increase its

stiffness and damping and thus provide better displacement control. In their present use, however,

tension devices were installed in the holes instead of the lead plugs.

?roperties of the Elastomeric Bearings

The MRPRA set #1 hearings had a 5.75)(5.75 inch square cross section and consisted of 16

layers of ruhber each 0.21 inch thick, yielding a total height of rubber of 3.4 inches, interleaved by 15

steel shims each 0.06 inch thick. The two extreme plates at the top and bottom of the bearing were

each 5/8 inch thick. A 1/16 inch thick protective layer of rubber was glued on their lateral areas

(Figure 2.2). These arc used in real construction for the protection of the elastomer against external

factors such as fire and oil. Their measured vertical stiffness was around 420 k/in. at 1.6% vertical

strain and their horizontal stiffness around 1.1 k/in. at 60% shear strain. The shear modulus of the

elastomer was 100 psi.
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The natural rubber bearings used with the sliders had a 5.75x5.75 inch square cross section and

consisted of 6 layers of rubber 3/8 inch thick cach inccrlcaved by 5 steel shims each 0.2 inch thick.

Thc t{lp and bottom limiting plates were 1 inch thick. The bearings had Ii 1.25 inch diameter central

hole. A 1'~ inch thick protective rubber layer was glued to their lateral surface (Figures 2.5 and 2.6).

Their horizontal stiffness was about 1.3 klin. at 50% shear strain. Elastomeric bearings do not have a

linear force-deflection relationship and the non-linearity increases with the level of strain and the

applied axial load. For practical purposes, however, a linear relationship can be satisfactorily used.

When installed under the structural model, each of the external bearings carried 9 kips while each of

the internal ones carried ahout 14 kips.

Results ohtained from static rig tests for the c1astomeric bearings at different axial loads and

different shear strain levels, are tahulated in Table T-2.2 and plotted in Figures 2.3 and 2.4. It is

noticed that the effective stiffness drops with amplitude of excitation and with axial load. The amount

of damping in the bearings was also determined to he around 5% for both types. Typical hysteresis

loops for MRPRA set #1 bearings and for the comhined system while tested under the model are

shown in a later section.

4. l:plift Restrainers

The taller a structure is, the larger is its overturning moment, and the greater is the risk of

inducing tension in its foundations. Since excessive tension could be destructive for multilayered

ruhher hearings, a deVice was installed inside each of the outer corner hearings. The role of the device

was to control uplift and horizontal drift. The restrainer consisted of a short steel siee,.: and two steel

holts. The bohs were connected to the two limiting plates of the hearing. The assemblage locks when

the holts ar..: pulled a certain distance aparl. Its tension capacity was about 18 kips. The horizontal

displacement of the bearing at which the restrainer locks can be adjusted by appropriate tightening of

the bolts. The bc~avior of the bearing is influenced by the presence of the tension devices only when

the deflection is large. At the level of horizontal displacement corresponding to the locking of the

restrainers, the stiffness of the unit increases substantially. A tension device with its dimensions is
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shown in Figure 2.7. A typical hysteresis loop for a natural rubber bearing equipped with a tension

device is shown in Figure 2.8.

It should be noted that the restrainer system docs not act as a sudden stop. Although the

restrainer is effectively rigid when it acts, the bearing can continue to displace horizontally by

shortening vertically, thus the normally low horizontal stiffness is replaced by a stiffness that is related

to the much higher vertical stiffness.

S. Sliding Bearings

The basic components of a slider consisted of a tefton layer bearing against a stainless steel plate,

sec Figure 2.9. The teflon layer had a thickness of about 1125 inch, backed by a 112 inch thick layer

of Fabreeka" pad bonded to a 118 inch thick steel plate. This component was mounted on a rubber

bearing constrained against horizontal movement. The stainless steel component consisted of a 1/32

inch thick stainless steel mirror, point welded ((J a 1/8 inch thick steel plate. Their areas were 10x7

and 1O.5x7.5 square inches, respectively.

The coefficient of friction for the teflon-steel units, as provided by the manufacturer, was about

5%, however, a separate testing of the sliders showed a higher coefficient of friction, namely around

17%. This caused concern about the isolation effectiveness that would be provided by sliders of such

a high coefficient of friction, since the threshold of the base shear at which the sliding would start was

correspondingly increased. For this reason, after the structure was tested with the system described

above, the area of the teflon was reduced from 6 x 6 to 4 x 4 square inches. This was done since the

coefficient of friction of the teflon with other surfaces decreases with increased pressure in the material.

When the area was reduced to 4 x 4. the coefficient of friction dropped to about 12%. The reason for

the discrepancy between the specified and measured coefficients of friction was mainly the effect of the

sliding .elociry and the pressure in the material.

The amplitude of travel of the teflon on the steel before it reaches the edge of the plate, was 3

inches for the 4)( 4 sliders and 2 inches for the 6 Ie 6 .



-8-

6. The Combined Isolation System

In general, an isolation system consists of a group of devices mounted together in order to

decouple the building from the ground motiol1. The present system using a combination of elastomeric

bearings, sliders. and uplift restrainers (Figure 2.10). was designed to fulfill three important goals:

(1) Providing Threshold for Base Motion. The friction of the sliders keeps the structure from

moving under wind loading and small earthquakes. The base shear must exceed a certain limit

in order to start sliding. This limit is proportional to the friction coefficient, and to the fraction

of the weight of the model carried by Ull~ sliders. This wind restraint capacity was

experimentally verified by applying earthquake signals of very small spans. Figure 7.6 shows the

base shear hysteresis loops for the Mexico City eanhquake input at a horizontal span of 150;

very little relative motion was recorded for this level of excitation. By examining the Fourier

transfonns of the corresponding floor accelerations (Figure 7.J). it was noticed that they were

similar to the ones for the fixed base case. The ability of an isolation system to ensure a certain

fixity for low level dynamic loading renders it practical and avoids unnecessary movement of the

structure when seismic isolation is not yet needed.

(2) Additional Stilfne65 and Restoring Effect. Once the shear force that activates the sliders is

reached, their horizontal stiffness drops from a very large value to zero, causing an unrestrained

displacement. For this reason. sliders were combined with elastomeric bearings that would

provide an additional stiffness. The force-deflection relationship of the combined system would

be theoretically bilinear with infinite initial stiffness, followed by a finite stiffness provided by

the rubber bearings, which are kept free to deflect horizontally. instead of the zero stiffness that

would otherwise characterize the sliders. This arrangement also ensures a restoring force that

will bring the structure to almost its original at rest location. A series of experiments performed

on a rigid block to study its sliding response under eanhquake signals is described in reference

[11]. The large displa~ment offset that remains at the cnd of the signal shows the need for a

restoring spring. For the combined system. the base relative displacement time series under

different eanhquakes are shown in Figures 7.16 through 7.19. It is noticed that the offset is
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reduced to a practically negligible value.

(3) Control or Drift and Overturnilll' The presence of tension devices inside the bearings, limits

the horizontal drift of the base and the uplift of the columns. If a medium-rise building were to

be base isolated. it would be essential to control its uplift; tension devices would prevent

C2. : strophical overturning in the case of an unexpectedly severe earthquake. Also, they provide

stiffening as they come close to locking: this compensates for the softening of the rubber

bearings.

It is also worthwhile mentioning the inherent fail-safe capacity that the present system possesses. The

horizontal stiffness of rubber bearings decreases with shear strain and axial load, and at a certain level

of axial load they become unstable. For this reason systems consisting of solely rubber bearings use

other accessories to provide fail-safe action on which the structure can depend in case of braring

buckling or bearing roll out. For the combined rubber-sliders system this problem is solved by having

the structure constantly resting on the sliders and when the base drift is very large some of the axial

load that was initially carried by the rubber bearings L.. transferred to the sliders.

The system. by combining sliders. elastomeric bearings, and tension devices, provides all the

functions needed for the seismic protection of a structure.
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Table T-2.1 Scale factors.

PARA.\1ETER 1. seal.. modrl
4 prolotll7"

LE;";CTH L I
4

TIME .;r; I
2

MASS L: I
16

DISPLACE~E~T L I
4

ACCELERATION I
I
I

STRESS I I
I

STRAl~ I I
I

FORCE L~
I

16

AREA L~
I

16

Table T·2.2 MRPRA SET '1 bearings. static rig tests.
Change In ell'ective still'ness with axial load and horizontal shear stnln.

. MRPRA SET # 1 BEARINGS - EFFECTIVl:. STIFFNESS

- 301'>,6 sht>ar strain 60% shear strain 100% shear strain

AXIAL LOAD (k.) K.11 (k in I) K./ I (k.in· l
) K./I (Ic.1n I)

5 I.4R 1.11 .
10 1.44 1.08 0.91

20 1.30 0.96 0.77

30 1.15 0.8·' 0.62

40 1.00 0.69 0.42

45 0.95 0.64 -
50 0.95 0.54 -
60 O.R;) - .
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CHAPTER THREE

TEST FACILITIES

1. Earthquake Simulator

The present experiment was conducted at the Earthquake Simulator Laboratory at the University

of California. The main facility is a shake table made of a 20)(20)(1 foot prestressed Concrete slab

weighing around ]00 kips. For the modcl used, the table efficiency dropped for frequencies higher

than 10 Hz. Vertical and horizontal motions can be independently applied. This is realized by three

horizontal 50 kip and four vertical 25 kip hydraulic actuators. The actuators arc located under the table

in a 22)(22)( 10 foot pit, built on massive foundations, and having a wall thickness of 5 feet. Air

pressure of up to 4 psi can be created in the chamber underneath the table. This carries the vertical

load of the table and the model and aIJows the vertical actuators to produce only the dynamic loads.

The total travel of the table is limited to IO inches horizontally and 4 inches vertically. The table

velocities and accelerations arc limited by the flow rate and the oil column resonance in the actuators,

respectively.

2. Input Signals

The signals used arc derived from previously recorded earthquakes, stored as digitized

accelerations. They arc described in chapter 5. Since the table is displacement controlled, these

accelerations arc double integrated and converted from digital to analog before being applied to the

table actuators through the MTS table controller.

Extensive work has previously been done on the repeatability of the table and its fidelity in

reproducing the signal as close to the original record as possible. The table motion characteristics are

not exactly Ihe same whether the lable is loaded or nol. Also, since the original accelerogram is

filtered below 0.] and above 24 Hz before being applied to the table, it may be more effective in

exciting very low and relatively high frequencies than is the table mOlion. Nevertheless, the main

characteristics of each earthquake were satisfactorily preserved.
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J. Data Acquisition System

The main component in the data acquisition system is a VAX 750 computer connected to a

S-lOO minicomputer that performs a digital to analog conversion. After the conversion is done, the

command signal is sent from the S-lOO to the MTS controller. The MTS controls the table

displacements interactively.

Each measuring device installed on the structural model was connected to a channel. The

channels were read by a MULTIPLEXER that converts from analog to digital. The digitized readings

were then stored on the VAX 750 disk. then backed up on 9 track tapes.

The data acquisition capacity of the multiplexer is 50 KHz throughput and its burst rate is 300

KHz, in the sense that it scans the channels at the rate of 300.000 channels per second. and can read

up to 50.000 samples per second from each channel.

A maximum of 256 channels can be connected to a test model. In the present experiment, 128

channels were connected and data was acquired at the rate of 200 readings per second on each channel.

The data was then processed on the VAX 750 and SUN workstations.
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CHAPTER FOUR

INSTRUMENTATION

Accelerometers, potentiometers. and direct current displacement transducers (DCDT) were

installed on the model. and force measurement devices under the base. Since the strains were expected

to stay in the elastic range. no strain measurements were made. Preliminary analyses provided levels

of response at which plastic deformations would be incipient. Nonlinear behavior can be detected by

examining the interstory drifts and comparing them with the deflections at which yielding would start.

1. Accelerations

Horizontal accelerations in the longitudinal direction were measured at each floor. at the vertical

plane of symmetry of the structure. Nine accelerometers were mounted on the steel girders for the

upper nine stories. and one on the concrete block at the base level. On the north-east and south-east

columns of the structure. two accelerometers were installed to measure transverse horizontal

accelerations at the ninth floor. Another six accelerometers were mounted to measure vertical

accelerations. Four of these were installed at the four outer corners of the base directly above the

isolalion bearings. and the other two on the middle plane of the ninth floor girder. The locations of the

accelerometers with their channel numbers are shown in Figure 4.1.

2. Displacements

Displacements in the horizontal direction were measured at each floor using potentiometers. Nine

of them were mounted on the upper nine steel girders, at the vertical plane of symmetry of the

structure. on the north side. Since they were connected to a fixed reference frame external to the table,

they were recording floor absolute displacements. Floor relative displacements. were obtained by

subtraction from the table displacements. At the base, however, two potentiometers were installed

between the outer north comers and the table. These measured base relative displacements at the

north-west and north-east sides. Their average was used in the study of the relative base displacement
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response. Another two potentiometers were mounted on the east side of the base. at 3 feet towards its

center. from the outer nNth and south coraers. They measured relative displacements in these

directions. Their average was used in determining transverse base relalive displacements, and their

difference in examining torsional behavior. Displacements in the vertical direction were measured

using eight DCDTs. Four of them were installed at the four base outer corners and connected between

the top and bottom of the four external columns of the structure. These were intended to record any

axial deformations. Another four were mounted at the same locations in plane view. but connected

between the table and the top of the four external columns. These were intended to measure total

vertical deformations at the outer corners. The difference between the two sets provided the vertical

deflections in the bearings. However. since it was noticed that the axial deformations in the steel

columns were negligible compared with the total vertical deflections, the latter set of DCOTs was

directly used for bearing deflection calculations. They were also used to examine rocking movements

of the model. potentiometers are shown in Figure 4.2 and DCDTs in Figure 4.3.

3. Forces

Force measurements were performed at the base level only. The four exterior bearings were

mounted on load cells capable of measuring axial, shear. and bending forces. Two load cells were

installed in parallel under each of the bearings at the outer corners. Single load cells were used for the

four interior sliders. These internal ones. however. did not record either axial or bending forces due to

some instrumentation limitations. The static axial loads on the interior bearings were obtained by

calculation; since the measured axial loads carried by the external bearings were about 9 kips per

bearing. it was concluded that the internal bearings were carrying about 14 kips each. Equal

distribution of the axial loads among the outer bearings was achieved by careful shimming. Data was

recorded for static tests consisting of jacking and unjacking the structure at these individual locations.

Load cells locations and channel numbers are shown in Figure 4.4.

Table T-4.1 lists the channels assigned to the various measurement instruments installed on the

model. with their functions. Note that channels 1 through 12 correspond to the shaking table
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accessories.

The structure was also tested fixed base with no load cells under its columns and the channel

numbering was changed. The fixed base structure instrumentation is shown in Figures 4.5 and 4.6.

Figures 4.7-4.11 show some photographs of the instrumentation on the base-isolated model.
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Table T-4.1 Channel list for hase isolated stMlcture.

LIST OF ~~~ELS fOR STRUCTURE ON:
COMBINED RUBBER-SLIDERS SYSTEM
MALAYSIAN RUBBER PRODUCERS RESEARCH ASSOCIATION (MRPRA) SET tl

CHANNEL NAME

1 hI disp
2 h2 disp
3 avg haec
4 avg vacc
5 pitch ace
6 roll ace
7 twist ace
8 vI disp
9 v2 disp

10 v3 disp
11 h span
12 hvel
13 no1ax
14 nolsh
15 nolmo
16 no2ax
17 no2sh
18 no2mo
19 no3ax
20 no3sh
.21 no3mo
22 no4ax
23 no4sh
24 no4mo
25 so4ax
26 so4sh
27 so4nlo
28 so3ax
29 so3sh
30 so3mo
31 so2ax
32 so2sh
33 so2mo
34 solax
35 so1sh
36 solmo
37 ni2sh
38 ni2mo
39 si2sh
40 si2mo
41 silsh
42 sllmo
43 nilsh
44 nilmo

UNITS

inches
inches
C's
C's
rad/sec2
rad/sec2
rad/sec2
inches
inches
inches
inches
in/sec
kips
kips
kip-inch
kips
kips
kip-inch
kips
kips
kip-inch
kips
kips
kip-inch
kips
kips
kip-inch
kips
kips
kip-inch
kips
kips
kip-inch
kips
kips
kip-inch
kips
kip-inch
kips
kip-inch
kips
kip-inch
kips
kip-inch

REHARK

table horizontal actuatorl displ.
table horizontal actuator2 displ.
table horizontal acceleration
table vertical acceleration
table pitch
table roll
table twist
north-west vertical actuator displacem.
north-east vertical actuator displacem.
south-west vertical actuator d~splacem.

applied table horiz. displacement
table horizonta~ velocity

north-west load cell #1/a~ialjbearingA2
north-west load cell #1/shearjbearing A2
north-west load cell ~l/momerljbearingA2
no~th-west load cell #2/axialjbearing A2
'north-west load cell #2/she~rjbearingA2
north-west load cell #~/mcrnenjbearingA2
north-east load cell #l/axialjbearing Al
north-east load cell #1/shear/bearing Al
north-east load c~l) #I/momenjbearing Al
north-east load cell #2/axia1fbearing Al
north-east load cell #2/shearfbearing Al
north-east load cell tt2/momen/bearing Al
south-east load cell #l/axialjbearing 01
sou~h-east load cell #l/shearjbearing 01
south-east load cell ttl/momenfbearing 01
south-east load cell #2/axialjbearing 01
south-east load cell #2/sheat"fbearing 01
south-east load cell #2/momenjbearing 01
south-west load cell ~1/axialjbearing02
south-west load cell #1/shearfbearing D2
south-west load cell #1/momenjbearing D2
south-west load cell #2/axialfbearing 02
south-west load cell #2/shearjbearing 02
south-west ]oad cell #2/momenjbearing 02
north-east load cell /shearfbearing 51
north-east load cell /momenfbearing 51
south-east load cell /shearfbearing Cl
south-east load cell /momenfbearing Cl
south-west load cell /shearfbearing C2
south-west load cell /momenfbearing C2
north-west load cell /shearjbearing B2
north-west load cell Imomenjbear1ng 52
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LIST Of CP~ELS fOR S7RUCTURE ON:
COMBINED RUBBER-SLIDERS SYSTEM
MAlAYSIAN RUBBER PRODUCERS RESEARCH ASSOCIATION (MRPRA) SET 11

CHANNEL NAME

45 nol totax
46 nol parax
47 n02 totax
48 n02 parax
49 s02 totax
50 s02 parax
51 sol totax
52 s02 parax
53 no: p:iisp
54 sol pdisp
55 sol rdisp
56 s02 rdisp
57 1st hdisp
58 2nd hdisp
59 3rd hdisp
60 4th hdisp
61 5th hdisp
62 6th hdisp
63 7th hdisp
64 8th hdisp
65 9th hdisp
66 n02 vacc
67 nol vacc
68 s02 vacc
69 sol vacc
70 base hacc
71 1st acc
72 2nd hacc
73 3rd hacc
74 4th hacc
75 5th hacc
76 6th hacc
77 7th hacc
78 8th hacc
79 9th hacc
80 nc vacc9
81 no pacc9
82 sc vacc9
83 so pacc9

UNITS

inches
inches
inches
inches
inches
inches
inches
inches
inches
inches
inches
inches
inches
inches
inches
inches
inches
inches
inches
inc.hes
inches
9'5
9'S
9'S
9'5
9'5
9'5
9'5
9'5
g's
9'5
9'5
g's
g's
g's
g's
g's
9's
9'S

REMARK

total axial deformation corner A2
column axial deformation corner A2
total axial deformation corner Al
column axial deformation corner Al
total axial deformation corner 01
column axial deformation corner 01
total axial deformation corner 02
column axial deformation corner 02
north la~eral relative base dlsplacement
south lateral relative base displacement
west longitudinal reI. base displacement
east longitudinal reI. base displacement
Jst stc.ry absolute horizon. displacement
2nd story absolute horizon. displacement
3rd story absolute horizon. displacement
4th story absolute horizon. displacement
5th story absolute horizon. displacement
6th story absolute horizon. displacement
7th story absolute horizon. displacement
8th story absolute horizon. displacement
9th story absolute horizon. displacement
Base north-east corner vertical acceler.
Base north-west corner vertical acceler.
Base south-east corner vertical acceler.
Base south-west corner vertical acceler.
Base horizontal acceleration
1st story horizontal acceleration
2nd story horizontal acceleration
3rd story horizontal acceleration
4th story horizontal acceleration
5th story horizontal acceleration
6th story horizontal acceleration
7th story horizontal acceleration
8th story horizontal a~celeration

9th story horizontal acceleration
9th story north vertical acceleration
9th story north. lateral horizon. acceler.
9th story south vertical acceleration
9th story south. lateral horizon. acceler.
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Figure 4.8 North-east corner: rubber bearing on load
cells, potentiometer measuring total vertical
deformation, accelerometer measuring
vertical base acceleration.
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CHAPTER FIVE

TEST PROGRAM

1. Table !\lotions

The table motions used were derived from eight different earthquake records. Horizontal and

vertical excitations were applied separately and simultaneously at spans ranging from 50 to 425, where

a span of 1000 corresponds to the maximum table displacement (~S in. horizontal, ~2 in. vertical). But

almost all inputs consisted of a horizontal component only. No rotational excitations were applied to

the structure.

The signals used were the EI Centro 1940. sOOc; the San Fernando Pacoima Dam 1971, sl6e; the

Parkfield 1966, n65e; the San Francisco (Golden Gate Park station) 1957, sBOe; the Taft (Lincoln

School Tunnel station) 1952. s6ge; the Mexico City 1985, s6Oe; the Bucharest (Romania) 1977, sOOe;

and the Miyagi-Ken-Oki (Japan) 1978, wOOs horizontal components. Before being applied to the table,

the original records were filtered (frequencies below 0.1 Hz and above 24 Hz were removed) then time

scaled by v'4 to maintain similitude. In the following description, the signal duration refers to the

duration of the table movement, not to the actual earthquake.

Table displacement and acceleration time histories corresponding to these earthquake signals, their

Fourier transforms, and their displacement, pseudo-velocity and pseudo-acceleration response spectras

for damping values of 2%, 5%, and 20% are shown in Figures 5.1-5.8. The period range was between

0.1 and 10 seconds for the displacement response spectra and between 0.1 and S seconds for the

pseudo-acceleration and pseudo-velocity. The eight inputs include earthquakes of varied frequency

content, durations and intensities. For instance, the El Centro component has a relatively wide range

of frequencies (between 1 and 5 Hz), and consists of about five significant cycles. It is commonly

used by structural engineers and is considered a typical California earthquake record. When run at 375

horizontal span, the table peak acceleration and peak displacement were around 0.7 g and 2 inches,

respectively. The Mexico City component is a low frequency, long duration (34 seconds) input. As

can be seen from Figure 5.2a, significant spectral amplitude is shown at 1 Hz to 2 Hz. The table
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signal consists of two sets of several cycles over a very long duration. When run al 375 horizontal

span. a peak accderation of 0.18 g was produced on the table, and the peak displacement was about 2

inches. Throughout the testing program, the ~texico City record was the most severe input for base

isolation systems. The Bucharest record had relatively low frequency content (1 to 3 Hz) and short

duration. It consisted of uniformly decreasing and uniformly spaced displacement cycles. At 300

horizontal span, the peak table acceleration and displacement were about 0.27 g and 1.6 inches,

respectively. As for the Miyagi-Ken-Oki signal, the peculiarity was the large amount of energy at

around 2 Hz. The Parkfield signal provided a good test of the re-centering effect in the system, since

the table displacement time history for this signal consists of a large sway in one direction followed by

small cydes. The: signal is of medium duration with relatively wide spread frequencies. When run at

350 horizontal span, the peak table acceleration was around 0.4 g.

The highest frequency content was provided by the San Francisco signal. It consists of one pulse

of very large acceleration. followed by a slow large sway. At a horizontal span of 200. Ihe lable

acceleration reached 1.2 g. The table acceleration Fourier transform shows large spikes at about 5 Hz

and up to 8 Hz. The duration of the signal is very short (about 10 seconds). The San Francisco inpul

signal caused large base relative velocities able to activate the sliders at low spans.

This wide variety of input signals enabled different aspec;ls of the isolation effidency (It the

slider-bearing syslem 10 be studied.

2. Test Sequence

Table T-5.l shows a complete chronological listing of the tests. They are identified by file names

indicaling the date of the test as year, month and day, followed by a sequence number. File names

occupy the first column in Table 5.1. O>lumn 2 shows the short names of the signals. they are self

explanatory except "sct" which corresponds to Ihe Mexico City earthquake of 1985. The third column

lists the duration of each signal in seconds. The rate of data acquisilion is shown in column 4,

expressed as a fraction of a second between two consec;utive readings. It was set to 0.005, which

corresponds 10 200 readings per second. The span of the table motion occupies column S. The
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geometric scale occupies column 6.

Since, to the knowledge of the authors, the new combined system had not been tested before, the

sequence was started with low span sinusoidal signals. These were, however. unable to activate the

sliders. The San Francisco signal for 50 and 100 horizontal spans was used next. It was noticed at

this point that the coefficient of friction of the sliders was rougHy 17 % which is about three times the

value provided by the manufacturer. A detailed study of the coefficient of friction and its variation

with velocity and axial load is presented in Chapter Six. The next table input was EI Centro 150

horizontal span. The span was gradually increased to 350. In between, a test including the EI Centro

vertical component at 300 span was run, The vertical component was expected to introduce variations

in the response since it afft:(;, the shear resistance of the sliders by changing the apparent weight of

the structure. However, no significant difference was noticed. This was due to the decrease in the

friction coefficient with increased pressure, resulting in a relatively constant resisting shear. Then, the

entire series of earthquakes mentioned in the previous section was run at this level of horizontal

displacement.

Because of the high coefficient of friction for the 6)(6 inch sliders, the base shears were very

high. Correspondingly. the model accelerations were relatively high. Since the coefficient of friction

of the teflon-steel drops when the pressure in the teflon increases, the dimensions of the sliders were

reduced to 4)(4 inches. These were tested separately on a static rig before installation. For a pressure

of around 900 psi and velocities between 1 and 10 in/sec., the average coefficient of friction was

around 12 O/C.

The tension devices installed in the bearings did not engage because the displacements were

decreased by the presence of the sliders. The initially allowed horizontal displacement of 2.25 inches

was reduced to 1.75 inches by tightening the restrainers from 0.8 inch to 0.5 inch slack. This was

done prior to the 861119 file series. Locking of the restrainers occurred for a low frequency, large

displacement Mexico City input at 375 horizontal span. The locking effect on the base shear stiffness

is shown in Figure 7.36 (right).
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Throughout the entire test sequence. no significant damage of the teflon was noticed. However,

some conclusions wert: drawn about the durability of the teflon sliders. A thin white film due to

wearing of the teflon was noticed to "[-pear on '.he stainless steel after repeated testing. It was

periodically removed and the system retested. ~o difference, however, was noticed in the structural

response. Under a real building awaiting an eanhquake, the sliders are not expected to be used over

periods of many hours as they were during the test program. For this reason, the durability of the

sliders was considered very satisfactory for their purpose.
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Table T-!.l Test program: listing or test I1Ins.

NINE STORY STEEL MODEL WITH K-BRACING
MASS DISTRIBUTION SHOWN IN FIGURE 2.1
TOTAL WEIGHT OF STRUCTURE 91 KIPS
BEARINGS: MALAYSIAN RUBBER PRODUCERS RESEARCH ASSOCIATION

(MRPRA) SET # 1

-------------------------------------------------------------
fILENAME SIGNAL TIME RATE REMARKS
B61015.01 ee2 19 sees .005 sph=150 ts=1/4
861015.02 pae2 12 sees .005 sph=150 tS=I/4
861015.03 park2 14 sees .005 sph=150 tS=1/4
861015.04 sf2 12 sees .005 sph=IS0 tS=1/4
861015.05 taft2 19 sees .005 sph=150 tS=1/4
861015.06 buc1 12 sees .005 sph=150 tS=1/4
861015.07 ee2 19 sees .005 sph=200 ts=1/4

comment: static tests were performed for shimming
by jacking and lowering at individual
locations and collecting data for axial load.

8&1015.08 static 15 sees .01 south end lift
861015.09 static 15 sees .01 . north end lift

fILENAME SICNAL TIME RATE REMARKS
861016.01 static 15 sees .01 south end lift
861016.02 static 15 sees .01 north end lift

comment: changed shims and jacking again.

801e16.03 static 15 sees .01 north end lift
861016.04 static 15 sees .01 south end lift
861016.05 ec2 19 sees .005 sph=150 tS=1/4
861016.06 ec2 19 sees .005 sph=lS0 tS=1/4
861016.07 ec2 19 sees .005 sph=150 ts=1/4
861017.01 sf2 12 sees .005 sph=150 ts=1/4
861017.02 eel 19 sees .005 sph=225 ts=I/4
861017.03 bue1 12 sees .005 sph=lS0 ts=1/4
861017.04 pac2 12 sees .005 sph=150 ts=1/4
861017.05 park2 14 sees .005 sph=150 tS=1/4
861017.06 taft2 19 sees .005 sph=150 ts=1/4
861017.07 pae2 12 sees .005 sph=225 ts=1/4
861017.08 park2 104 secs .005 sph=225 ts=1/4
861017.09 park2 14 sees .005 sph=250 tS=1/4
861017.10 ee2 19 sees .005 sph=250 tS=1/4
861017.11 sf2 12 secs .005 sph=225 ts=1/4
861017.12 sf2 12 sees .005 sph=250 ts=1/4
861017.13 taft2 19 secs .005 sph=225 ts=1/4
861017.14 taft2 19 sees .005 sph=250 ts=J/4
861017 .15 pae2 12 sees .005 sph=250 ts= .... /4
861017.16 bue1 12 sees .005 sph=225 ts=1/4
861021.17 bucl 12 secs .005 sph=250 ts=1/4
861017.18 random30.d 35 sees .005 sph=300



FILENAME
861021.01
861021.02
861021.03
861021.04
861021.05
861021.06
861021.07
861021.08
861021.09
861021.10
861021.11

SIGNAL
ee2
ee2
random30.d
random30.d
random30.d
ec2
sf2
pac2
park2
taft2
sf2
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TIME
19 sees
19 sees
35 sees
35 secs
35 sees
19 sees
12 sees
12 sees
14 sees
19 sees
102 sec

RATE
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005

REMARKS
sph=150
sph=250
sph=300
sph=600
sph=900
sph=150
sph=150
sph=150
sph=150
sph=150
sph=250

tS=1/4
ts=I/4

ts=1/4
ts=1/4
tS=1/4
ts=1/4
tS=1/4
ts=1/4

comment: the following signals were run at low spans
because the rigid body mode was at 0.75 Hz
almost in resonance with first sloshing
mode of water tank mounted on structure.
Data mainly collected for watpr tank .

861023.01
861023.02
861023.03
861023.04
8&1023.05
861023.06
8&1023.07
861023.08
8&1023.09
861023.10
861023.11
861023.12
861023.13
861023.14
861023.15
861023.16

eel
ee2
eel
sfl
sf2
sf2
pae2
pae2
park2
park2
taft2
taft2
bue1
buc1
set
set

19 secs
19 secs
19 secs
12 secs
12 secs
12 sees
12 secs
12 secs
14 sees
14 secs
19 secs
19 secs
12 sees
12 secs
35 secs
35 secs

. 005

.005

.005

.005

.005

.005

.005

.005

.005

.005

.005

.005

.005

.005

.005

.005

sph=50
sph=75
sph=70
sph=50
sph=150
sph=75
sph=50
sph=75
sph=50
sph=75
sph=50
sph=75
sph=50
sph=25
sph=25
sph=50

ts=1/4
ts=1/4
tS=1/4
tS=1/4
tS=1/4
ts=1/4
tS=1/4
ts=1/4
tS=1/4
tS=1/4
ts=1/4
tS=1/4
tS=1/4
tS=1/4
ts=1/4
tS=1/4

SLIDING BEARINGS. RUBBER BEARINGS. AND TENSION RESTRAINTS
COMBINED AS A NEW ISOLATION SYSTEM.

FOUR INTERIOR BEARINGS WERE 6X6 TEFLON-STAINLESS STEEL SLIDERS
FOUR CORNER BEARINGS WERE NATURAL RUBBER BEARINGS WITH TENSION

DEVICES IN CENTRAL HOLES.

FILENAME
861028.03
861028.04

SIGNAL
static
static

TIME RATE
15 sees .01
15 sees .01

REMlui.KS
south end lift
north end lift

comment: some sine signals were applied before the following
~~ries. No sliding. Since expected high relative
veloci~1es to cause sliding, started with San Francisco
high frequency record.



861029.01
861029.02
861029.03
861029.04
861029.05
861029.06
861029.07

fILENAME
861030.01
861030.02
861030.03
861030.04
861030.05
861030.06
861030.07
861030.08
861030.09
861030.10
861030.11
861030.12
861030.13
861030.14
861101. 01

fILENAME
861105.01
861105.02
861105.03
861105.04
861105.05
861105.06
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sf2 12 sees .005 sph=SO tS=1/4
sf2 12 sees .005 sph=100 tS=1/4
sf2 12 sees .005 sph=150 tS=1/4
sf2 12 sees .005 sph=200 tS=1/4
sf2 12 sees .005 sph=150 spv=150 ts=1/4
ee2 19 sees .005 sph=150 ts=1/4
ee2 19 sees .005 sph=200 tS=1/4

SIGNAL TIME RATE REMARKS
ee2 19 sees .005 sph=200 t.s=1/4
ee2 19 sees .005 sph=250 tS=1/4
ee2 19 sees .005 sph=300 t.s=1/4
ee2 19 sees .005 sph&v=300 ts=1/4
ee2 19 sees .005 sph=350 ts';1/4
miyagi 13 sees .005 sph=350 ts::::1/4
park2 14 secs .005 sph=350 t.s::::1/4
t.aft.2 19 sees .005 sph=350 ts=1/4
buc1 12 secs .005 sph=250 t.s=1/4
bue1 12 sees .005 sph=300 t.s=1/4
pae2 12 sees .005 sph=350 ts=1/4
pae2 12 sees .005 sph&v=350 ts=1/4
set 34 sees .005 sph=lSO tS=1/4
set 34 sees .005 sph=250 tS=1/4
ee2 19 sees .005 sph&v=300 ts=1/4

SIGNAL TIME RATE REMARKS
sct.o 34 sees .005 sph=300 tS=1/4
sct.O 34 secs .005 sph=350 tS=1/4
set.o 34 secs .005 sph&v=350 ts=1/4
ecatc.sl 23 sees .005 sph=250 tS=1/4
eeate.s1 23 sees .005 sph:.:300 ts=1/4
t.aftate.s1 23 sees .005 sph=300 tS=1/4

comment: by inspection of base shear l~steresis loops,
it was noticed that the coefficient of frict.ion
was about 5 times the one provided by the
manufacturer. It was around 20 7.. In order
t.o lower it, it was decided to increase the
pressure on the teflon by reducing it.s area to
4X4 inch.

INSIDE BEAR I NCS WERE 4X4 TEFLON-STAINLESS STEEL SLIDERS.

861117.01 ee2 19 sees .005 sph=150 ts=1/4
861117.02 ee2 19 sees .005 sph=200 ts=1/4
861117.03 ee2 19 sees .005 sph=300 tS=1/4
861117.04 ee2 19 sees .005 sph=350 tS=1/4
861117.05 ee2 19 sees .005 sph=400 ts=1/4
861117.06 ec2 19 sees .005 sph=425 tS=1/4
861117.07 sct.o 34 sees .005 sph=200 ts=1/4
861117.08 sct.o 34 secs .005 sph=300 ts=1/4
851117.09 sct.o 34 sees .005 sph=350 ts=1/4
861117.10 set.o 34 sees .005 sph=375 tS=1/4
B6ll17.11 ee2 19 sees .005 sph=150 ts=1/4

FILENAME SIGNAL TIME RATE REMARKS
861118.01 ee2 19 sees .005 sph;;;150 tS=1/4
B6ll18.02 set.o 34 sees .005 sph=400 tS=1/4
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comment: the displacement eor.trol provided by the sliders
~as such that the restrainers were not locking
at their initial adjustment of 0.8 inch which
allowed 2.25 inch horizontal freedom.
Tension restaints were thus tightened to 0.5 inch
bolt travel corresponding to 1.75 inch
horizontal freedom.

comment: oscillators were installed on the third fl oor and thei r
accelerations recorded.

861119.01 ee2 19 sees .005 sph=300 ts=I/4
861119.02 ec2 19 sees .005 sph=350 tS=1/4
861119.03 ee2 19 sees .005 sph=375 tS=I/4
861119.04 set.o 34 sees .005 sph=37S tS=1/4
861119.05 buel 12 sees .005 sph=300 ts=I/4
861119.06 mlyagl 12 sees .005 sph=3S0 tS=I/4
861119.07 pac2 12 sees .005 sph=350 ts=I/4
861119.08 park2 14 sees .005 sph=3S0 ts=I/4
861119.09 sf2 13 sees .005 sph=200 ts=I/4
861119.10 taft2 19 sees .005 sph=350 t~=1/4

861119.11 taftate.sl 23 sees .005 sph=32S ts=I/4
861119.12 eeate.s1 23 sees .005 sph=32S ts=I/4
861119.13 ee2 19 sees .005 sph=lS0 tS=I/4
861120.01 ee2 19 secs .005 sph=150 ts=I/4
861124.01 random30.d 32 secs .005 sph=100
861124.02 square pulse 15 sees .005
861124.03 sf2 13 sees .005 sph&v=250 ts=I/4
861124.04 pae2 12 sees .005 sph&v=350 ts=I/4
861124.05 set.o 34 sees .005 sph&v=350 ts=I/4
861125.01 set.o 34 sees .005 sph&v=350 tS=I/4

NINE STORY STEEL MODEL WITH K-BRACING
MASS DUSTRIBUTION IN fIGURE 2.1
TESTED fIXED BASE

-------------------------------------------------------------
870622.01 random30.d 32 secs .005 int=.02 sph=250
870622.02 ee2 18 sees .005 int=.OI sph=50
870622.03 ee2 18 sees .005 int=.OI sph=100
870622.04 eel 18 sees .005 lnt=.Ol sph=75
870622.05 ee2 18 sees .005 int=.Ol sph=12S
870623.01 sf2 12 sees .005 int=.OI sph=50
870623.02 sf2 12 sees .005 int=.OI sph=75
870623.03 sf2 12 secs .005 int=.Ol sph=100
1370623.04 set.o 32 sees .005 int=.OI sph=100
870623.05 taft2 18 sees .005 int=.OI sph=lOO
870623.06 park2 12 sees .005 int=.Ol sph=12S
870623.07 pae2 12 sees .005 int=.Ol sph=12S
870623.08 bue1 14 sees .005 int=.Ol sph=150
870623.09 buel 14 sees .005 Int=.Ol sph=175
870623.10 miyagi 12 sees .005 int=.OI sph=lSO
870623.11 miyagi 12 sees .005 int=.OOO90S sph=17S
870623.12 random30.d 32 sees .005 Int=.02 sph=3S0
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CHAPTER SIX

STATIC TESTS FOR SUDING BEARINGS

1. General

Te80n sliders have been used in bridges and other structures to accommodate changes in member

dimensions due to temperature and shrinkage effects. Since these movements are very slow, no

conclusions have been drawn about the performance of sliders under earthquake loading. In the

present experiment, sliders were ~ombined with elastomeric pads. mounted under the structural model

so that their behavior under earthquake londing could be better understood. In parallel with the shake

table tests, the sliders were tested separately on a static rig to study their characteristics in more detail.

Of great interest, was the variation of the coefficient of friction ~, with the pressure in the

material and the velocity of sliding. Generally, ~ increased with velocity and decreased with pressure.

Changes in ~ with the temperature and the cleanliness of the contacting surfaces are also a

subject of interest and should be further investigated. In this experiment, however, these two factors

were not studied since for sliders used in base isolation, the duration of activity is not long enough to

make temperature changes a primary concern.

Wear of the slider would be an important topic in applications where a very large number of

cycles is expected. This is not the case for an earthquake excitation. However, some results were

drawn from repeated testing.

Previous work has been done on te80n sliders in different test conditions [12], [13]. In [12), the

signal used was generated by the motor of a bulldozer and hence was not characterized by a constant

velocity. A triangular signal provides a better description of the effect of velocity on the friction

coefficient. In [13J, tests of teflon consisted of extremely slow displacements and were mostly

concerned with bridge joints. The sliding velocities used were of the order of 1% of the lowest

velocity used in the present program.
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2. Test Machine and Data Acquisition

The test machine is shown in Figure 6.1. The main structural parts consist of a stiff fixed base

vertical column supported by two diagonal elements, and a horizontal beam located above the column

and controlled by two vertical and one horizontal hydraulic actuator. The actuators can be either force

conuulled ur displacement controlled. The two vertical actuators were force controlled. They were set

to apply a constant force p' each, in order to ensure an axial load of p. 2 P' on the bearing, located

under the center of the beam. The beam is very rigid in bending. Any vertical deftections in the

bearing would be automatically followed by the vertical actuators so that P remains constant.

The horizontal actuator was displacement controlled. in the sense that it was set to provide a

programmed signal. The nature of the displacement signal is chosen by the operator. In the present

experiment, two types of displacements were used, a sinusoidal time series and a triangular time series.

The force in the horizontal actuator was automatically changing correspondingly. At each actuator,

two channels were connected to record forces and displacements.

The sliders tested were 6)(6 inch and 4)(4 inch tefton layers bearing against a stainless steel

plate. The lower plate that carried the 1125 inch thick tefton layer was mounted on a rubber bearing

locked against horizontal movement (Figures 6.2 and 6.3). Between the bearing and the vertical

column of the rig, a load cell was installed (Figure 6.4). The load cell measured shear, and bending

forces.

Data was acquired through 15 channels. A list of the channel numbering and their functions is

provided in Table T-6.1. The data acquisition system, that included an MTS board (Figure 6.5), was a

part of the control instrumentation. A terminal permitted the display of all channels to check the

correctness of the displacement input and the constancy of the applied axial load. A mechanical

plotter, electrically connected to the shear and displacement channels produced simultaneously with the

beam movement, the hysteresis loops of shear at the slider versus displacement of the horizontal beam.

That was mainly intended to check if any deficiencies occurred during the test.

The rate at which the data samples are read is adjustable. For the slow runs, namely

corresponding to 0.0125 Hz. the data was read at a rate of 10 readings a second. For the tests
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corresponding to 0.125 Hz, 50 samples were acquired per second. For all higher frequencies of input

displacement, 100 readings per second were performed. Each set of data acquired was temporarily

stored on the disk of the computer until it was saved on tape, loaded on a VAX 750, and processed.

3. Test Sequence

The vertical loads and velocities used in the rig tests were intended to include their corresponding

values encountered during shake table tests. While mo\;nted under the structural model, the inner

bearings carried about 14 kips each, and the outer ones around 9 kips each.

For the teflon sliders, the 6x6 inch layers were hence under a pressure of about 390 psi while

installed under the structure. On the static rig. their pressure was varied from 100 psi to 1200 psi.

The 4x4 inch layers were subjected to about 900 psi during the shake table tests, and their pressure on

the static rig was varied from 100 psi to 3000 psi. The pressure was extended to that high value in

order to detect any deficiencies that could result from accidental overloading of a slider during an

earthquake.

Table T·6.2 provides a chronological listing of the series of tests performed on the static rig. In

the first test series, which is not listed here, sinusoidal signals of various frequencies and amplitudes

were used as horizontal displacement input. Since the slope of a sinusoidal signal is continuously

changing, the sliding velocity was not fixed to a certain value. Furthermore, the shape of the

hysteresis loops for those tests were close to elliptical, and thus did not show a constant shear force.

That suggested that the friction coefficient depended greatly on the sliding velocity. The highest point

of the hysteresis loops was located on the vertical axis, this showed that the coefficient of friction

increased with velocity.

For the reasons mentioned above, it was decided to use a displacement signal with constant slope

(triangular signal) to study the effect of the velocity on the coefficient of friction. The values that were

used were intended to cover the range of velocities produced on the shake table. Integration of the

structure base relative acceleration time series, produced relative velocities up to 12 in/sec for certain

shake table tests.
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4. Test Results

The displacement and shear time histories for the 3 or 4 main cycles of each test run along with

the corresponding hysteresis loops are shown in Figures 6.8-6.22, for the 4x4 sliders. The values of

the resulting coefficients of friction are summarized in Table T-6.3 and plotted in Figure 6.23. The test

was mainly intended to study the coefficient of friction of the sliders and its dependence on the

following factors:

Velocity

Even though it is commonly accepted that for most contacting surface!. the static coefficient of

friction is higher than the dynamic coefficient of friction. it was noticed that for very low velocities.

namely 0.1 in/sec. the coefficient of friction was lower than the one obtained for higher velocities.

For instance, for the 4x4 sliders, I.l changed from 7% to 17% when the velocity was increased

from 0.1 to 10 in/sec, for a pressure of 100 psi. and from 6% to 15% for the same velocity variation,

but under a pressure of 1200 psi in the teflon. However. this increase tends to a certain saturation at

velocities around 12 in/st'c. For velocities of above 12 in/sec. the shear level drops within the same

test run, because of the increase in temperature at the contacting surfaces, producing a lower coefficient

of friction. For these tests, the coefficient of friction adopted was the one that corresponded to the

three full middle' cycles in the input displacement time history. This coefficient was generally smaller

than the one obtained at the first cycle of the signal.

Pressure

Another property of the tefton sliding on stainless steel is the dependence of its dynamic

coefficient of friction on the pressure in the material. In general. for most sliding areas, the dynamic

coefficient of friction is obtained from simply normalizing the shear resisted by the slider by the axial

load. at a certain rate of sliding. In the present case, the value of the axial load had a large inftuence

on j.l. For instance. a change of 1100 psi in the pressure at 10 in/sec. caused a drop in 1.1 from 17% to

7%.
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On the other hand, the static coefficient of friction. which was adopted as corresponding to

v • 0.1 in/sec, was not affected by the changes in axial load; for • difference of pre~ure of 1100 psi,

IA stayed around 7%.

Temperatu"

Depending on the fabrication process and the composition of the tefton, the temperature has

different effects on the coefficient of friction. This experiment gave only a general i~e'l of the effects

of temperature. The slider was estimated to be at room temperature before tht' test, l'.nd at around

lUfF after the test, for velocities of 10 in/sec and above. Since it was not intended to study

temperature effccts for our present application, no instrumentation was installed to acquire the

temperature time history. In sum, the effect was a slight drop in ....

Contamination

It is commonly accepted that the presence of an external material between the contacting surfaces

causes substantial changes in IA. In reference (12], data for greased sliders and dusted sliders is given.

Since a building is expected to be always resting on its foundations, no other material will penetrate

between the contacting surfaces. The area of steel which is not constantly covered by the tefton, can

be regularly cleaned of a contaminating material as a part of the maintenance program.

Wear

After 60 test runs equivalent to about 250 cycles of an aVerlle amplitude of 1.2 inches, the te:flon

layer thickness was reduced by only 1/30 inch. The main type: of wearing noticed was a delamination

of the tefton layer (Figures 6.6 and 6.7). After tests of v • 10 inlscc: and above: were performed, very

thin layers of tefton of areas of about 4 square inches detached from the sliders. Also, on the stainless

steel plate, a white film was found after each test. This film was removed by each following test run

and a white powder-like material was found on the steel at the limit of travel of the tefton.
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For comparison. the teflon fragments were cleaned from the steel and the same test was rerun

with a slight increase in the coefficient of friction. The difference. however, was negligible and the

removal of the teflon film after each run was found unnecessary. There was some hesitation in

identifying this delamination as damage, since it had almost no effect on the coefficient of friction.

Also. the reduction in the thickness of the teflon was very small. Under earthquake excitation, the

number of cycles is too small to cause a concern about the wearing in the slider.

Strength

At the end of the test program, the pressure on the teflon was increased to 3000 psi to test the

strength of the slider. No noticeable change was observed. other than the decrease in the coefficient of

friction in about the same proportion as for the previous pressure levels. No fracturing in the 1/30

inch thick teflon layer occurred. This showed that there is no risk of failure of the teflon or sudden

changes in the slidel properties in the case of an accidental overloading. At this level of pressure,

however, the delamination was slightly increased.

Previous experience with teflon in slow movements, and recent research on its performance under

dynamic excitations show its reliability and the possibility of using it as a component in base isolation

systems.
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Table T-6.1 List 01 channels lor trlanplar slpal rig testing.

LIST OF CI-WmELS FOR TEFLON-STAINLESS STEEL SLIDERS
STATIC RIG TESTING.

CHANNEL NAME UNITS REMARK

o
1
2
3
4
5
&
7
B
9

10
11
12
13
14
15

F.L.DCDT
B.L.DCDT
F.R.DeDT
B.R.DeDT
FoC .DeDT
B.C.DeDT
HOZ.LOAD
HOZ.DISP
VPM SHEAR
VPM MOMENT
VERT. LOADl
VERT . LOAD2
VERT.DISP1
VERT.DISP2
VPM AXIAL
VPM DlSP

INGlES
INCHES
INCHES
INGlES
INGlES
INGlES
KIPS
INGlES
KIPS
KIP-IN
KIPS
KIPS
INCHES
INCHES
KIPS
INCHES

Front Left DCDT
Back Left DeDT
Front Right DCDT
Back Right DCDT
Front Center DCDT
Back Center DeDT
Horizontal actuator force
Horizontal actuator displacement
Shear recorded on load cell
Moment recorded on load cell
Vertical actuator II force
Vertical actuator 12 for'ce
Vertical actuator 11 displacement
Vertical actuator 12 displacement
Axial force recorded on load cell
Axial displacement between
load cell and ground.
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TabieT-U SUden test sequence for tri.n....r ........

TEST SfQUENCE fOR 6x6 AND 4x4 TEFLON-STAINLESS STEEL
SLIDERS fOR TRIANGULAR HORIZONTAL DISPLACEMENT.
4 MINUTES REST BETWEEN SUCCESSIVE RUNS.
----------------------------. __ .- ---------------------.
Collecting data at 10 samples/sec for 0.0125 Hz .•

50 samples/sec for 0.125 Hz ••
50 samples/sec for 0.625 Hz .•
100 samples/sec for other frequencies.

Testing 6x6 slider
------------------

FILENAME VELOC FREQ AXIAL PRESS AMPLIT
In/s Hz Kips psi in

870305.01 0.1 0.0125 3.6 100 2
870305.02 1.0 0.125 3.6 100 2
870305.03 5.0 0.625 3.6 100 2
870305.04 10.0 1.25 3.6 100 2
870305.05 12.0 1.50 3.6 100 2
870305.06 15.0 1.875 3.6 100 2

870305.11 0.1 0.0125 21.6 &00 2
870305.12 1.0 0.125 21.6 600 2
870305.13 5.0 0.625 21.6 &00 2
870305.14 10.0 1.25 21.6 600 2
870305.15 12.0 1.50 21.6 600 2
870305.16 15.0 1.875 21.6 600 2

870305.21 CI.1 0.0125 32.4 900 2
870305.22 1.0 0.125 32.4 900 2
870305.23 5.0 0.625 32.4 900 2
870305.24 10.0 1.25 32.4 900 2
870305.25 12.0 1.50 32.4 900 2
870305.26 15.0 1.875 32.4 900 2

870305.31 0.1 0.0125 43.2 1200 2
870305.37- 1.0 0.125 43.2 1200 2
870305.33 5.0 0.625 43.2 1200 2
870305.34 10.0 1.25 43.2 1200 2
870305.35 12.0 1.50 43.2 1200 2
870305.36 15.0 1.875 43.2 1200 2

The temperature for the previous tests raised from
room temperature to around 100 F at the stainless
steel face. The plate vas varmer. but no other
significant differences. Waited until coo11ng then
started vith 4x4 slider.
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Testing 4x4 slider
------------------
FILENAME VELOC FREQ AXIAL PRESS AMPLIT
870305.41 0.1 0.0125 1.6 100 2
870305.42 1.0 0.125 1.6 100 2
870305.43 5.0 0.625 1.6 100 2
870305.44 10.0 1.25 1.6 100 2
870305.45 12.0 1.50 1.6 100 2
870305.46 15.0 1.875 1.6 100 2

870305.51 0.1 0.0125 9.6 600 2
870305.52 1.0 0.125 9.6 600 2
870305.53 5.0 0.625 9.6 600 2
870305.54 10.0 1.25 9.6 600 2
870305.55 12.0 1.50 9.6 600 2
870305.56 15.0 1.875 9.6 600 2

870309.01 0.1 0.0125 14.4 900 2
870309.02 1.0 0.125 14.4 900 2
870309.03 5.0 0.625 14.4 900 2
870309.04 10.0 1.25 14.4 900 2
870309.05 12.0 1.50 14.4 900 2
870309.06 15.0 1.875 14.4 900 2

870309.11 0.1 0.0125 19.2 1200 2
870309.12 1.0 0.125 19.2 1200 2
870309.13 5.0 0.625 19.2 1200 2
870309.14 10.0 1.25 19.2 1200 2
870309.15 12.0 1.50 19.2 1200 2
870309.16 15.0 1.875 19.2 1200 2

980309.21 0.1 0.0125 32.0 2000 2
980309.22 1.0 0.125 32.0 2000 2
980309.23 5.0 0.625 32.0 2000 2
980309.24 10.0 1. 25 32.0 2000 2
980309.25 12.0 1.50 32.0 2000 2
980309.26 15.0 1.875 32.0 2000 2

870309.31 0.1 0.0125 40.0 2500 2
870309.32 1.0 0.125 40.0 2500 2
870309.33 5.0 0.625 40.0 2500 2
870309.34 10.0 1.25 40.0 2500 2
870309.35 12.0 1.50 40.0 2500 2
870309.36 15.0 1.875 40.0 2500 2

870309.41 0.1 0.0125 48.0 3000 2
870309.42 1.0 0.125 48.0 3000 2
870309.43 5.0 0.625 48.0 3000 2
870309.44 10.0 1. 25 48.0 3000 2
870309.45 12.0 1.50 48.0 3000 2
870309.46 15.0 1.875 48.0 3000 2

clockwise tilt of 0.04 rd. for 870309.47
counterclockwise tilt of 0.04 rd for 870309.48

870309.47 10.0 1.25 48.0 3000 2
870309.4~ 10.0 1.25 48.0 3000 2
------------------------------------------------
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Table T-6.3 Variation or friction coellklent for 4,,4 inch teflon-stainless steel slide"
with pressure and sliding velocity.

. COEFFICIEl\\T OF FRICTION ( % ) - .. x 4 TEFLON SLIDER

. 100 psi 600 psi 900 psi 1200 psi 2000 psi 2500 psi 3000 psi

0.1 in.au I 6.9 6.8 6.4 6.4 6.6 6.3 5.0

1.0 in. ate . I 11.7 11.5 11.1 11.1 10.2 8.8 7.9

5.0 in.,tc . I 16.9 16.7 14.5 13.2 10.3 9.0 8.3

10.0 "ute I 17.5 17.2 ]5.9 15.0 11.0 9.5 8.7

12.0 in.ate I 17.2 16.7 15.0 14.6 10.7 9.4 8.3

15.0 in.3CC I 17.1 16.6 14.9 14.2 10.2 9.1 7.9
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Flpre 6.1 Ria used for slider tests.
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Figure 6.1 The three basic components: rubber bearing, teflon,
stainless steel plate.

Fi,ure 6.3 SUder as mounted on the static ria.
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Figure 6.4 Slider on load cell.
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Figure 6.6 Tenon slider after repeated testing (250 cycles).

Figure 6.7 Tefion wearing by delamination.
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Flaure 6.8 Displacement. shear, and hysteresis loop lor 4x4 Inch slider,
y-G.l In!sec, p-!JOO psi.
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RIC TEST V~S.O in/see - p~900 psi
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Fipn 6.9 Displacement, ,hear. and hystensis loop for 4x4 inch slider.
".5.0 in/sec, p=900 psi.
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RIC TEST V:l~.C J..,/sec:
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Flpn 6.10 Displacement, ihear, aad hysteresis loop for 4x4 inch slider,
v-U.O In/sec, p-900 psi.
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v=o 1 1n/sec 0 p=120~ ps~
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Flpre 6.11 Displacement, shear, and hysteresis loop for 4x4 inch slider,
v-O.l in/sec, p=lZOO psi.
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Fipre 6.12 Displacement, shear, and hysteresis loop lor 4x4 inch slider,
v-S.O lnisec, p-1200 psi.
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Fllllre 6.13 Displacement. shear, and hysteresis loop for 4x4 Inch allder.
v"S.O In/sec, p-1200 psi.
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RIG TEST V=O.l in/sec . p=2000 ps~
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Flpre 6.14 Displacement, sbear, and hysteresis loop for 4x4 lneb slider,
v".1 In/sec, pz:ZOOO psi.
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Flaure 6.15 Displacement, shear, and hysteresis loop for 4x4 inch sUder,
vaS.O In/sec, p=2000 psI.
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ruc TEST
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Flaure 6.16 Displacement, shear, and hysteresis loop for 4x4 Incb .Ider,
v-IS.f\ in/see, p.2000 ps!.
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v=e 1 in/see - p=2500 pSi
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P1pre 6.17 Displacement, shear, and hysteresis loop for 4x4 inch sUder,
v-G.l in/sec, p-1500 psi.



-83-

RIC TEST V=5 0 In/SeC • p~2S00 pSi
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"lUft 6.18 Displacement, shear, and hysteresis loop for 4x4 Inch sUder,
v-S.O in/'.ec, p-2500 psi.
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~lC TEST V=15.0 in/sec - p"2500 psi
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Flpn 6.19 Displacement, shear, and hysteresis loop for 414 Inch slider,
,,-15.0 In/sec, p"15OO psi.
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R1C TEST
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Figure 6.20 Displacement, shear, and hysteresis loop for 4x4 inch sUder,

v=O.1 in/sec, p=JOOO psi.
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RIC TEST V=5.0 in/sec - p~3000 Fsi
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FIpn 6.21 Displacement, shear, and hysteresis loop for 4x4 loeb sUder,
,,-5.0 In/sec, p-3000 psi.
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RI::; TEST V:15.0 in/sec . p-3000 psi
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Fi&Ure 6.12 Displacement, shear, and hysteresis loop for 4x4 inch sUder,
,,"5.0 in/sec, p-3000 psi.
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Figure 6.23 Variation of friction coefficient with velocity and pressure.
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CHAPTER SEVEN

EARTHQUAKE SIMULATOR TEST RESULTS

1. General

It is commonly accepted that isolation systems consisting of solely rubber bearings provide

substantial reduction in ground accelerations transmitted to the structure. However, this reduction in

accelerations is accompanied by an increase in base drift and a lack of wind restraint. The system that

combines sliders and rubber bearings provides a better displacement control and an inherent wind

restraint. For the structure mounted on elastomeric bearings only (MRPAA SET #1), the mode

corresponding to its fixed base fundamental frequency of 3.4 Hz was almost totally attenuated. The

only significant peak in the Fourier transfonns of the base and story accelerations corresponded to the

frequency of rigid body motion of the structure at 0.7 Hz. When the sliders were added, the fixed base

structure fundamental frequency appeared again. This is illustrated in Figures 7.1, 7.2 and 7.3 which

show the Fourier transfonns of table, base, third, sixth, and ninth story accelerations for EI Centro at

200 span, Bucharest at 250 span, and Mexko City at 50 and 150 span, J4 time scaled records for the

two isolation systems. That was due to the fact that the response: of the structure had two distinct

states; one corresponding to a base shear level below the sliding threshold, needed to activate the

system, and the other to a base shear above it. In the first state the structure responded as if it were

fixed base, while in the second state, the stiffness of the rubber bearings controlled and the first mode

was the rigid body mode of the structure on a solely rubber isolation system. By comparing the

responses between different spans for the isolation system that included sliders, it was noticed that the

base relative displacement plays an important role in the pattern in which the energy is distributed

between these two modes. When the span is larger, the combined system behaves more like a solely

rubber system because of the increased participation of the rubber.

If an equivalent stiffness were to be determined, it would depend on the maximum base relative

displacement and could be used only if an approximate idea were sought for a preliminary design

phase. A different simple approach yields far more accurate results. A bilinear force displacement

relationship with infinite initial stiffness followed by the stiffness of the four rubber bearinp, was
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found very adequate to model the combined isolation system. For the superstructure, static

condensation can be used and the OVtrall analysis can be perfonned on a simplified modtl where all

elements "ie elastic except at the base.

2. Displac:emeDu

One of the advantages of the combined sliding bearing rubber bearing system was the reduction

in the relative base displacements, due to the energy dissipation provided by friction, and to the

increased base shear needed to stan the base movement. FiguR's 7.4, 7.5 and 7.6 show base shear

hysteresis loops for the MRPRA SET NI and for the combined system. The respective peak base

displacements for the MRPRA SET Nl system and the combined rubber-sliders system were 2.06 in.

and 0.77 in. for the EI Centro record at 200 horizontal span (1 in. peak table displacement) yielding

2.06 and 0.77 as base displacement amplification ratios for the two systems respectively; 2.57 in. and

0.94 in. for the Bucharest record at 250 horizontal span (1.25 in. peak table displacement) yielding

2.06 and 0.75 as respective base displacement amplifications. Under the Mexico City input, the peak

base displacement for the MRPRA SET Nl was 0.11 in. at SO horizontal span (0.25 peak table

displacement), while it was 0.09 in. for the combined rubber-sliders system at 1SO horizontal span

(0.75 in. peak table displacement), yielding base displacement amplitudes of 0.44 and 0.12,

respectively. In sum, the rubber system amplified the base drift about 3 times more than the combined

rubber-sliders system did. Previous tests of rubber systems showed excessive base drift under low

frequency inputs, like the Mexico City signal, and the span for those excitations had to be kept under

150. While using the slider-bearin, system, we were able to apply horizontal spans up to 400 (2 in.

peak table displacement) for the Mexico City record, resulting in a peak base displacement of only

about two inches.

Deftected shapes of the structure at the instants when each story individually reached its

maximum displacement are shown in Figures 7.7-7.14. It was noticed that the presence of the sliders

in the proportion used (31 % of the total bearing arca, carryin, 609lI of the total weight) did not

chaJIae the maiD effect of an elutomeric: base isolation system, that is causing the struaure to move
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like a rigid body. The deflected shapes at instants of maximum displacemtnts also showed the

predominance of a bast-isolattd first moot. For instance for the Mexico City signal at 375 span the

story drifts at t=21.9 sec. were 0.13, 0.08, 0.08, and 0.07 in. for the first. second, third and ninth

storitS, rtSpectively, while the base drift was 1.91 in. For the Bucharest table motion at 300 span the

story drifts at t=3.2 sec. wtre 0.12, 0.04, 0.05, and 0.02 in. for the first. second, third and ninth

storitS while the base drift was about 1.3 in. For the San Francisco record at 200 span the story drifts

at t=2.4 sec. were 0.07, 0.05, 0.05, and 0.03 in. for the first, second, third and ninth stories,

resptctively, with a base drift of 0.84 in. In sum, for most table motions, base displacements were

largtr tban story drifts by a factor of 10 to 15. The magnitudtS of the base displacements, however,

depended on the type of signal applied. Table T-7.1 summarizes rtSults for eight different earthquakes

at different spans.

The structural model was also tested with its base fixed to the shake table. Time histories for the

story drifts of the structure on the combined rubber-sliders isolation system were compared with the

corresponding ones for the fixed base condition. The spans for all earthquake records applied to the

isolated structure were larger than the ones applied to the fixed base structure by a factor of 2 to 3, yet

resulting in story drifts of about the same magnitude. For instance, the maximum story drifts for the

third, sixth and ninth stories under the San Francisco signal applied at 100 horizontal span (PTA=O.7

g) were 0.07, 0.07 and 0.04 in., rtSptCtively, for the fixed base condition, while they were of 0.06,

0.06 and 0.05, resptCtively, for the isolated structure on the combined system for the same signal at

200 horizontal span (PTA=1.2 g). This is illustrated in Figure 7.15. The choice of the quantity to

which these values can be normalized in order to obtain a more precise comparison when the applied

excitations havt different magnitudes is debatable, esptCially because story drifts depend on both input

displacements and input accelerations.

The relative base displacement time histories were of particular interest for studying the

recentering provided by the rubber bearings. FigurtS 7.16-7.19 show the table ax:eleratioo, table

displacement, and base drift time histories for the eight earthquake records used. The largest offset

encountered throughout the whole testing program corresponded to the Mexico City input and yet was
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only about 0.2 in. for a peak table displacement of 1.9 in. The recentering capacity of the system is

particularly illustrated in Figure 7.18 (top, right) showing the base drift for the Parkfield input at 350

horizontal span. The table displacement time history shows a significant sway of 1.8 in. in one

direction followed by small amplitude cycles of less than 0.5 in., the base, however, recentered with an

offset of only 0.04 in. This shows that very small cycles are enough to recenter the system even if

they are precedeJ by a strong ground motion in only one direction. The end-of-signal base offsets arc

shown in Table T-7.2 with their corresponding peak table displacement and peak table acceleration.

In a previous study of the sliding response of rigid blocks under earthquake excitations by Aslam

et al. (11), a massive 3x2d ft concrete block weighing 935 Ib was free to slide on a 6)(6)(0.5

protective concrete slab which was hydrostoned to the shake table. Various materials were used

between the block and the slab to change the coefficient of friction which varied between 0.18 and

0.30. In that study the horizontal input acceleration was about 80% of the actual earthquake record

(i.e., the Pacoima Dam s74w component of the 1971 earthquake accelerogram) applied simultaneously

with various levels of the vertical component Time histories of the block displacement relative to the

table, given in [11), show \:xtrernely lar~,e end-of-signal offsets that reveal the need for a recentering

spring.

3. Accelerations

One of the main purposes of base isolation is the reduction of ground accelerations transmitted to

the structure. The acceleration r~duction is expected to improve with softer systems like the ones

consisting of rubber only. By the addition of sliders, the accelerations in the structure were slighlly

higher than the ones corresponding to a solely rubber system. The peak base acceleration to peak

ground acceleration ratio increased from an average of 0.5 for the system using elastomeric pads, under

input spans around ISO, to an average value of 0.9 for the system that included sliders, for input spans

as high as 375. As shown in Table T-?l, the i&oIated base acceleration amplification ratio Was highest

for the Mexico City signal (about 1.7) and lowest for the San Francisco signal (about 0.6), because

high frcqucnq signals induced more sliding causing a softer equivalent system. Intermediate values
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were found for most of the other earthquakes which had their inpul energy spread over a wider range

of frequencies. Thus, there was almOSI no reduclion in the ground accelerations, and the accelerations

in the top stories were oflen slightly higher than the table accelerations for certain signals at low spans.

However, Ihe concept of isolation was still preserved. since for the fixed base case, these amplification

ralios reached 4 or 5 for input spans of around 100. Figures 7.20-7.27 show acceleration time histories

for ii)~ table and the fourth and ninth stories normalized to the peaIc table acceleration, for the fixed

base structure and for the structure isolaled on Ihe combined system. They illustrate the reduction in

accelerations provided by the combined rubber-sliders system. When the structure was tested as fixed

base, the peak ninth story acceleration to the peak table acceleration reached 4.39 for EI Centro input

125 span. 5.28 for Parkfield input 125 span, and was between ].6 and 3 for the olher records at similar

spans, while for the isolated base case these ratios did not exceed 2.2. These values are summarized in

Table T-7.3. Plots of the acceleration amplification along the elevation of the structure are shown in

Figure 7.28 for the fixed base case and in Figure 7.29 for the base isolated case.

4. Effect of Input Magnitude

The effect of the magnitude of ground displacement on the acceleration and displacement model

response was examined by using the EI Centro record belween 150 and 425 horizontal spans. II was

nOliced lhat the peak base relative displacement to the peak table displacement ratio increased with the

span of the input up to a certain span level (around 300). After this level, the ratio started decreasing.

The increase in the displacement amplification ratio for spans below 300 was due to the increased

participation of the rubber bearings. At a horizontal span of about 300, the tension devices came close

to locking and caused an increase in the stiffness, and hence a decrease in the base displacement

(Figure 7.30). figure 7.31 shows the hysteresis loops of the north bearings for horizontal spans of

ISO, 300 and 400. The effect of the restrainers can be seen for the 400 horizontal span. The same

conclusion was drawn for the ninth story relative displacement Generally, the displacement

amplification ratio for the base was between 0.5 and 1.0 for all spans, and for the ninth story was

between 0.9 and 1.5.
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The amplification ratios for the accelerations generally decreased with increased span. However,

the lowest value was for a horizontal span between 300 and 350, because of the stiffening caused by

the restrainers close to locking. It is thus shown that the more the system is activated the lower the

acceleration amplification ratio. These factors are summarized in Table T·7.4 and plotted in Figure

7.30, which shows the presence of an optimum span where the system provides the largest reduction in

the accelerations.

If the building under consideration is expected to house equipment, sensitive to high frequencies

and high accelerations, the proportion of sliders in the isolation system should be kept lower.

However, if good isolation is required as well as reduction in the displacements, a high proportion of

sliders can be used.

s. Rue Sbear

Since there were no instruments installed in the frame to measure member forces, the interstory

shears were obtained by determining the inertia forces at each level. This is accurate enough for steel

struetur~ that are still in their linear elastic range, because they have very low damping, and the elastic

force would practically equal the inertia force at each level.

The only check point between the statics and the inertia method was the base level, where the

load cells for force measurement were installed. The limiting value FIIlU for the base: shear was

expected to be greatly influenced by the 4;OCffu:ient of friction of the sliders, since for a given

displacement the additional shear provided by the rubber is constant. Assuming that the structure is

moving as a riaid body, denoting by FIDU the maximum base shear, and by Ymu the maximum base

ICCCleration, the foUowing equation holds:

where M and W are the total mass and total weight of the structural model. However,
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where I!mu is the maximum friction coefficient reached at maximum sliding velocity, F. the maximum

shear at the sliders, and a the fraction of total weight carried by the teflon. Thus, if the sliders were

installed without the rubber bearing.'>, the base acceleration would have had an upper bound of

With the presence of the rubber bearings, it is increased to

(7.1)

where lImu is the maximum base displacement

Although the friction coefficient depends on the sliding velocity, I!mu can be fixed at a certain

value obtained from tests (in our case 17%), and thus the maximum base acceleration corresponding to

rigid body consideration of the structure is controlled by an appropriate combination of the two

parameters a and Kr.

It was noticed that the frequency content of the different earthquakes is reflected in the accuracy

of this approximation. The higher the frequency content of the earthquake is, the larger is the

difference between the measured base shear and the one obtained from rigid body considerations.

6. Energy Dissipation Emdenq

It is commonly accepted that the total energy transmitted from the ground to a structure is

absorbed in two different ways. The first one is due to the elastic strain, the second one is due to the

plastic strain. The elastic strain energy is temporarily absorbed by the structure, part of it is

transmitted back to the soil through the foundations and the other part released as kinetic energy

causing amplification in the response quantities. For this reason, conventional design has a tendency to

dissipate the major amount of the total energy absorbed by means of inelastic behavior of structural

and non-structural elements. The need to increase the dissipated energy is satisfied by the use of

sliders. It is shown here that the major portion of the total energy absorbed was dissipated by friction,

minimizing the amplification in the response, and concentrating the deformations at the isolation
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interface.

The efficiency of the combined rubber-sliders system in dissipating energy was investigated by

examining the load-deftection relationship at the isolation interface. Hysteresis loops of total base

shear versus relative base displacement were obtained for different earthquake signals and are shown in

Figures 7.32-7.35. The total energy dissipated was calculated by numerical integration of the areas

enclosed in these loops while the total input energy was obtained by integrating the product of the base

shear with the table displacement time histories. Figures 7.36-7.43 show the cycles of energy

dissipation (top). the cumulative input energy and the cumulative dissipated energy time histories

(bottom). The proportion of the total input energy dissipated by hysteresis was above 90% for all

eight tablt motions used. Table T-7.S summarizes the results. It should be noted however that

because of instrumentation resolution and beause of numerical errors these values are valid to ::t5%.

Nevertheless. these plots show the efficiency of concentrating the energy dissipation at the isolation

interface.

In an attempt to evaluate an equivalent damping. the total energy E dissipated for each test run,

was divided by an estimated number of significant cycles N, read from the base drift time histories and

from the instantaneous energy dissipation plots. Thus, rod. EIN provides an average value of energy

dissipated per cycle. In order to determine an equivalent elastic work, ro., it was assumed that

w•• F"l,,,j2 where FII is tbe maximum base shear and 611 the maximum base relative displacement

An equivalent damping ratio was then evaluated by ~. ro"'4Kc.u.. The values of £, N, and ~ are

presented in Table T-7.6 for the eight earthqualce records used. The values of ~ wcre about 20'17 for

all sipals.
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Table T·'.1 Peak values or b~ and ninth story response (top), with their correspondln&
ampllftcatlon ratios (bottom).

- Table Due Ninth .tory

filename Dm..(in. ) Am.Jg) Dma>(in. ) A max(g) Dma.(in. } A m..(g)

861119.03 ELC3i5 1.96 0.73 1.36 0.43 2.01 0.64

861119.04 MEX3i5 1.97 0.18 1.91 0.31 2.55 0.39

861119.05 BUC300 1.56 0.27 1.27 0.32 },75 0.31

861110.06 MIY350 1.81 0.33 1.22 0.38 1.72 0.46

861119.07 PAC350 1.82 0.49 1.30 0.52 1.87 0.59

861119.08 PAR350 1.82 0.41 1.09 0.37 1.46 0.46

861119.09 SFR200 1.01 1.~0 0.84 0.68 1.23 0.63

861119.10 TAf'350 1.83 0.72 1.36 0.39 1.62 0.68

- Acceleration Amplification Displacement Amplification

filename
A b",. Aft",r~ Aftiftlh D..... DRiftlA DRlftrh-- --

DrG". DIG.,. D.....A IG'/r A ,Gbl, A ......

861119.03 ELC375 0.59 0.88 1.49 0.69 1.03 1.48

861119.04 MEX375 1.72 2.17 1.26 0.97 1.29 1.34

861119.05 Bl'C300 1.19 1.15 0.97 0.81 1.12 1.38

861119.06 MIY350 1.15 1.39 1.21 0.67 0.95 1.41

861119.07 PAC350 1.06 1.20 1.13 0.71 1.03 1.44

861119.08 PAR3aO 0.90 1.12 1.24 0.60 0.80 1.34

861119.09 SFR200 0.57 0.53 0.93 0.83 1.22 1.46

861119.10 TAF350 0.54 0.94 1.74 0.74 0.89 1.19
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Table T.7.2 Base displacement end.or.signal offsets ror ti&ht
earthquake records with their corresponding peak
table displacement and peak table acceleration.

filpnam.. si(l;nal B8.<;(' OfTspl (in.) PTD (in.) PTA (g)

861119.m ELC375 -0.061 1.96 0.73

861 I IQ.01 MEX37a 0.212 1.97 0.18

861 I 19.0a Bt 1C300 -0.006 1.56 0.27

8611 UI.06 MIY350 0.119 1.81 0.33

861119.07 PAC350 -0.025 1.82 0.49

861119.01' PAR350 -0.011 1.82 0.41

861 119.09 SFR200 0.037 1.01 1.20

861119.10 TAF350 0.057 1.83 0.72

Table T·7.3 Atcelentlon ampllftcatlon ratios at fourth and ninth stories for ftxed base
and base Isolated stnlcture.

FIXED BASE STRUCTURE BASE ISOLATED STRUCTURE

signal PTA (g) 4th swry 9th story signal PTA (g) 4th swry 9th stor)'

ELCI25 O.2!) 2.53 4.39 ELC375 o.n 0.42 0.88

MEX.OO 0.06 I.G5 2.44 MEX375 0.18 !.G4 2.'7

DUCI75 0.17 1.41 2.53 BUC300 0.27 0.70 l.JS

MIYI50 0.16 2.05 3.00 MIY350 0.33 0.63 1.39

PACI25 0.1~ 1.02 1.66 PAC3f)() 0.411 0.45 1.20

PAR.25 0.14 3.30 5.28 PAR3.',O 0.41 0.53 l.J2

SFRloo 0.73 0.94 I.~ SFR200 1.20 0.23 O.~

TAFloo 0.20 1.{)2 2.2& TAF350 0.72 0.38 0.94
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Table T·7.4 Peak values of base and ninth story response (top), wltb their c:orrespondhq
amplification ratios (bottom). for EI Centro record with increasmg SpaD.

. Table Due Ninth .tory

filename Dmu(in. ) A 010'(') D 010'( in. ) Amat,(') D mat,( in. ) A mo,(' )

861117.01 ELC150 0.78 0.27 0.49 0.19 0.75 0.31

861117.02 ELC200 1.04 0.39 0.76 0.21 1.04 0.38

861117.03 ELC300 1.56 0.58 1.41 0.29 1.92 0.48

861117.04 ELC350 1.83 0.68 1.53 0.35 2.14 0.55

861117.05 ELC400 2.07 0.80 1.71 0.41 2.33 0.64

861117.06 ELC425 2.22 0.85 1.82 0.48 2.50 0.67

- Acceleration Ampli!1cation Displacement Amplification

filename
A.GO, A"i"th A"'flth D.GO, Drai"tI. D"i"lh
Alattr Alablr A...., DIG'" Dld1r D,GO,

861117.01 ELC150 0.70 1.15 1.t:3 0.63 0.96 1.53

861117.02 ELC200 0.54 0.97 1.81 0.73 1.00 1.37

861117.03 ELC300 0.50 0.83 l.e6 0.90 1.23 1.36

861117.04 ELC350 0.51 0.81 1.57 0.84 1.17 1.40

861117.05 ELC400 0.51 0.80 1.56 0.83 1.13 1.36

861117.06 ELC425 0.56 0.79 1.39 0.82 1.13 1.37



-100-

Table T·75 Eneref dissipation efficiency of the combined
rubber-sliden isolation system.

li,;nal Input Enerl)' (£1 ) Dissipated Enerl)' (Eo)
Eo
E1

ELC375 221.1 205.4 93%

MEX37l> 246.5 250.8 102%

BUC300 56.0 M.6 97%

MIY350 166.2 157.5 95%

PAC350 75.5 72.3 96%

PAR350 44.6 41.9 9-1%

SFR200 3B.7 34.9 90%

TAF350 146.3 137.2 94%

Table T·7.' Equlnlent ciampini and equivalent ItUl'nn. obtained from experimental
hysteresis loops of base shear for e1aht rec:ordL ~ around 20.,.

filename signal E N E -0 K (k' -I)-0 =- IUS (~t = -4-(%) ~II .Ift
N Wttls

861111.03 EI,C375 205.3B 6 34.23 13.6 20 15.0

861111.04 MEX375 250.79 5 50.16 20.1 20 11.8

861111.05 BUC300 54.55 2 27.28 10.4 21 13.0

861119.06 MIY350 157.44 5 31.49 11.3 22 15.1

861111.07 PAC350 72.33 3 24.11 11.2 17 13.6

861119.08 PAR350 4J.13 2 20.07 8.3 20 14.7

861111.09 SFR200 34.10 2 17.45 5.7 24 16.6

861119.10 TAF350 137.23 4 34.31 12.4 22 13.6

Aver.. 21 14.2



MRPRA SET #1 SYSTEM RUDDER·SLIDERS SYSTEM

I I

-3 U·ij·V.Jjlo"t'J~,.. I I,J~\~~' .AI I;
::l

-~--

~J,,~ I IA....It~ .. /;....
~

! I ~. I II I~

Hl-~
..

I [~-':~=~=J ~
.-0-.

- -""""""'"-- - -----,
~

1!~.,..kh~tf."~1"". A I I~\irVVtN.I'IIA.IJ~)~I~J~....... I~
, ,

0 5 10 15 20 0 S 10 15 20

Frequency (HI.) Frequency (H••)

F...."7.1 Acceleration Fourier transforms for [I Centro record span 200.



MRPRA SET *1 SYSTEM

-II I J~'\..o.."",,=- _ I
='~
~
Go

~

!1~Jt·· I
~..
JilL oh . .-l

l~-d>~"" I I

RUBBER-SLIDERS SYSTEM

c..
:r

e-

I~~ ,;I'""" On • ,

w...
0.

~=".k,,'" I~
I ~

l~ ~~~~_M ~I

....
Q

t;'"

o 5 10 15 20 o 5 10 15 20

Frequency (liz.) Frequency (HI.)

Figure 7.2 Acceleration Fourier transfonns for Bucharest record span 250.



-8
::II

t
~
ii..
I
~

."

"..:;
e..
~

MRPRA SET # I SYSTEM

_.

A~

1

,l

J..

J

RUBBER·SLIDERS SYSTEM

J :.';'(>~

IJ·~

t

L o ""~"""HtMt.....

~ilt...N...

f

CI
~

~

01
~

~

c.-..
Q.

,

ta
....
Q

>
\,H
I

r.n
tr:l

~
c-
r-1

Q 5 10 15 20 o 5 10 15 20

Frequency (lb.) Frequency (117..)

Figure 7.3 Acceleration Fourier transfonns for Mexico City record span SO (left)
and span ISO (right).



BASE SHEAR HYSTERESIS LOOP
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CHAPTER EIGIff

COMPARISON OF EARTHQUAKE SIMULATOR TEST RESULTS

WITH SEAONC TENTATIVE CODE

1. General

The Base Isolation Subcommittee of the Seismology Committee of the Structural Engineers Asso-

ciation of Northern california (SEAONq prepared a tentative code in 1986, for base-isolated struc­

tures (14). This tentative code proposed two main procedures for the seismic analysis of base-isolated

slrUetures. The first approach uses simplified formulas similar to the equivalent static analysis formulas

recommended by the Uniform Building Code. The second approach uses dynamic analysis procedures

(time history and response spectra analyses). In this chapter, the values obtained from code simplified

formulas are compared with experimental results from shaking table tests.

2. Displacements

The requirement for the minimum base displacement of an isolated structure to be accommodated

by its isolation system, as recommended in the tentative code is

10ZNSTD--------
B

(8.1)

where S is a soil factor, ranging from 1.0 for hard soils to 2.7 for very soft soils, T is the fundamental

period of the building obtained by considering the structure as a single degree-of-freedom oscillator,

and B is a factor related to the damping in the isolation system. The code provides tables for the

above coefficients.

ZN is interpreted as a "Design Ground Shaking" parameter. ATC 3-06 recommends a smoothed

elastic response spectrum for S % damping to be used as a basic tool for the quantitative description of

the intensity and the frequency content of the effects of local ground conditions [IS). ATC 3-06 also

sugests the better solution that consists of using four or more acceleration time histories from which

an averaae response spectrum is extracted. Botb Ipproaches are based on response spectra and do not

account for ground motion duration which is an important factor in the loss of strength of structures.
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The use of base isolation provides a system that can withstand the repeated loading, thus eliminating

the concern about the loss of strength of the superstructure, if it were to be conventionalJy desipcd.

lbe intensity of "Design Ground Shaking" is represented by two parameters the Effective Peak

Acceleration (EPA), Aa, and the Effective Peak Velocity (EPV), which yields the Velocity Related

Acceleration coefficient, A". TIle EPA is obtained by averagin, the spectral accelerations between the

periods of 0.1 and 0.5 second and reducing the average by a factor of 2.5. For the one-fourth scale

steel mode) used in the present experiment, the period limits are replacc:d by 0.05 and 0.25 5CC:01Kl,

respectively. Aa is then the numerical value of EPA divided by g. The EPV is obtained by taking the

spectral velocity at 1 second period and reducing it by a factor of 2.5. Instead, the ordinate at 0.5

second is used here for comparison with the model response. A" is then obtained from EPV/30. Maps

representing the EPA and EPV for various seismic regions are available and are discussed in ATe 3-

06 1984; in the present comparison, however, the numerical procedure described above is used.

The A, and A" coefficients of the eight records used were computed for different ranges of

periods and tabulated in Table T·g.1. The response spectra of the v'4 time scaled earthquake records

used in the calculation of Aa and Av are shown in Figur~s 5.tb-5.8b.

Equation (8.1) approximates long-period displacements obtained from 5 % damped response

spectra and was developed for full scale structures. For a one-fourth scale structural model, equation

(8. t) becomes

5ZNSTD. -~-~--

B
(8.2)

T is obtained from equation (8.3), using the minimum effective stiffness, Kmin, of the isolation system,

and the total weight of the structure, W:

(8.3)

In the case of the slider-bearing system, the effective stiffness depended on the base relative

displacement, which changed with the type of excitation. For the various records applied to the

system, the lowest effective stiffness was 11.8 leIin.; with a total weight of 91 Idps the effective period
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would be 0.89 second. Note that the horizontal drift was limited by tension devices installed in the

corner rubber bearings, and that the maximum allowed displacement of the isolation system could be

used to obtain the lowest equivalent stiffness of the system.

The soil factor was taken as S4 • 2.7 for the Mexico City record, SI • 1.0 for the San Francisco

record, S) - 2.0 for the Bucharest record, and S2 - 1.5 for the rest of the signals.

The factor ZN in equation (8.2) was obtained from two different considerations: from recorded

peale table acceleration, and from the EPA and EPV calculations suggested in the ATe 3-06 1984

Building Code and listed in Table T-8.t. For the sake of observation different combinations were used

to determine the displacements. The D ij values were obtained using the controlling value of Aa. and

A". In order to compare the present code recommendations with the experimental results, DIII

obtained from A.
1

(EPA for T j - 0.05 second and T2- 0.25 second) or A". (EPV for T- 0.5 second)

was used and the ratios D11/Dlelt are listed in Table T-8.2.

It was noticed that the code formula is slightly conservative for records of intermediate frequency

content, and overestimates t~e recorded base displacement for high frequency excitations. For instance,

DulD..t is about 4 for the San Francisco record. There was a major concern about the underestimated

result for low frequency inputs such as the Mexico City record for which Dw'Dreat is about 0.5. This

is due to the dependence of the factor ZN on the ground acceleration. For the Mexico City signal

those accelerations were very low, nevertheless it was the most severe input for base isolation systems.

One interpretation is that buildings on soft soil need not be isolated, but it is preferable to introduce a

factor that malees the code displacement increase substantially for this case in order to translate the

severity of low frequency ground motions for isolation systems.

The period range recommended by the code does not relate to the particular structure under

consideration, and thus ignores the crucial period band in which amplification in the response might

occur. For this reason. the code formula was also used with an EPA obtained from the average

spednJ a~leration between 0.29 and 1.4 seconds which correspond to the fixed base and to the

sliding conditions. respectively. The r...sponse spectra used was for ~ ciampi.. to matcb the
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equivalent damping of the system calculated from the base shear hysteresis loops. This approach stin

needs some improvement but it gave results that were more consistent with the mcasureJ

displacements. When the average spectral acceleration s;. (0.29 sec < T < 1.4 sec) was used, the ratios

of code displacement to test displacement were 1.32 for EI Centro. 1.05 for Mexico City. 1.10 for

Bucharest, 1.01 for Parkfield, 1.03 for Taft and about 0.95 for the Miyagi. Pacoima and San Francisco

records. Furthermore. the average "PCctral displacement s" was very close to the measured base

displacement These results are listed in Table T·8.3.

3. Base Shear

According to the tentative code, the part of the structure that is above the isolation interface.

should be designed to withstand a minimum shear force of

(8.4)

where the values for the factor Rw, which takes into account the structural system used, according to

the code are the same as for a non-isolated structure but should not be taken more than 8. R,,/2 can be

regarded as a base shear reduction coefficient that accounts for the ductility of the superstructure.

Since one of the important advantages of base isolation is to protect the structure from deforming into

the inelastic range, the expression KefCDcodc was used for comparison with the maximum base shear

obtained from shake table tests. This is equivalent to taking R.,12-1. The stiffness used in the code

base shear calculation is the average equivalent stiffness for the eight records listed in Table T-7.6. It

was noticed that the code overestimates the base shear for high frequency excitations (San Francisco).

and might underestimate it for low frequency signals (Mexico City). The values are shown in Table

T-8.4.

4. Lateral Force Distribution

From the experimental data. the force at a given story level was obtained by summing the inertia

force time histories acting on the part of the structure above this level. Since the damping in the
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structure is very small this should yield the story shear (elastic force fa). This approach was verified

at the base; the base shear obtained by adding up the inertia forces compares well (4 % relative error)

with the forces recorded by the load cells located under the base. From the recorded story shear time

histories of all floors. an envelope for the shear distribution along the elevation of the model was

obtained. SEAONC provides a simplified formula for the lateral force distribution along the elevation

of the building. The distribution is given by

(8.S)

where WI: is the weight at level x, and V. is the base shear obtained from equation (8.4) with the

reduction coefficient R.J2 taken as unity.

5. Comparison with RespoDSe Speetn Analysis

Despite the nonlinearity introduced by the sliders in the properties of the isolation system, the

basic feature of base isolation of causing the building motion to be controlled by merely one mode

shape, was preserved. For instance, by considering Figures 7.7-7.14 which show the deflected shape

of the structure at maximum story displacements, it was noticed that they followed a certain pattern

independent of the excitation. The vectors containing the story displacements relative to the table,

normalized to the highest story displacement (seventh story) varied slightly with the type of excitation

and span. The vector containing the average values for all eight records is

~ • [0.68 0.74 0.77 0.80 0.94 0.96 0.98 1.00 0.92 0.93 JT (8.6)

where the average displacement normalized to the seventh story displacement is 0.68 at the base and

0.93 at the ninth story. Thus the distribution is close to constant along the height of the building and a

vector of ones can be used. However, the vector in equation (8.6) will be used here in a response

spectrum Inalysis, treating the 9 DOF structure and the isolated base as a 10 DOF linear system.
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the response quantity is then given by

L • 4»" m [I) - 0.21

where [1) is a 10x1 vector of ones and m is the mass matrix. The modal mass is given by

the story displacements and story shears vectors are given by:

(8.7)

(8.8)

(8.9)

(8.10)

where S4 and S" are the displacement and pseudo-acceleration spectral values. These can be obtained

from Figures 5.lb-5.8b for a damping ratio of 20 %. since this level of damping was experimentally

determined for almost all applied table motions (Table T-7.6). In the choice of the spectral quantities,

it was taken into account that the isolation system had two distinct stiffnesses. one infinite and

corresponding to no sliding when the base shear is below the sliding tt-reshold, and one that equals the

stiffness of the four rubber bearings. For this reason, the average spectral value s;, was used in

equation (8.10). This approach might be conservative since it uses a non reduced linear response

spectrum, nevertheless it yielded better ~.>rrelation with the test results than the code formula. The

story shear distribution for test, code formula, and response spectrum analysis are shown in Figures

8.1-8.8.

Generally, the analysis using a response spectrum with 20% damping along with the average

spectral values at a period band pertinent to the properties of the structure yielded results closer to the

experimental ones than the code for mula did.

6. Future Research and Conclusions

Earthquake records of low frequency content generany contain low acc::clerlllions, and thus would

result in low values of Peak Table Acceleration (PTA) and/or Effective Peak Acceleration (EPA).
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When these values are used in the code formulas they yield underestimated base displacemenlS which

contradict theoretical and experimental results that low frequency inputs are extremely severe to base

isolation systems and produce excessive base drift. ATC 3-06 recommended using the controlling

value of either A. or ~ in order to account for the high velocities caused by low frequency large

amplitude displacements, however, Ay was introduced as a spectral velocity ordinate corresponding to

one period value. This approach seemed insufficient in descrihing the "Design Ground Shaking"

corresponding to the low flequency inputs used in the present experiment. Instead. a range of periods

of the same width as the one used for EPA but centered around a 1 second period (0.5 seconds for the

model) was used in the pseudo-velocity response spectra. The factor 30 by which the EPV was

reduced to yield Av as was concluded from ATC 3-06 Section Cl.4.1 F, p. 301, caused low values of

Av. It is suggested that for correlation with dynamic test results. the reducing factor 30 should be

replaced by 30IVS wbere S is the geometric scale of the structural model used.

Approximate preliminary design of base isolated structures can be performed by using simplified

formulas. Despite the non-linearity in the properties of the sliding bearing and rubber bearing

combined system it was shown that simplified formulas can predict displacements and forces within

40 % of overestimation. This amount of uncenainty is unavoidable in most preliminary designs.

However, the parameters used to characterize the "Design Ground Shaking" need to be studied in more

detail. In the case of base isolated structures it is necessary that the Velocity Related Acceleration

Coefficient be given a more careful treatment Also, for structural systems tbat might be influenced by

repeated loading, a special coefficient representing the duration of ground motion should be defined.

In general, however, i'lolation systems are tested against cyclic loading before gaining acceptance. In a

response spectra analysis, where the structure was expected to possess varying fundamental period, the

average value of the spectral ordinates between these two periods was used and yielded good results.
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0.192

0.570

0.128

file

ELC375

BUC300

MEX375

Table T·8.l EPA and EPV values with the correspondinl code displacements
for the eight records used.

A., A.; I A., A., I A.• 'D-:. 0"·1 ~~ -~~

O~618 0.502 j_ ~~9__~.349 0.367 2.S7 2.572~7~ __ ~:~8

0.103 0.088 0.097 0.763 0.564 1.04 1.04 6.18 4.57
- f -- - - - -- - ----- --- - -

0.212 0.243 0.239 0.290 0.286 1.46 1.43 1.74 1.72

MIY350 0.255 i 0.319
-- t--

PA050 0.468 I 0.337

0.453

0.288

~.;69 I 0.247 0.233

0.289 0.229 0.225

2.72

2.12

2.21

2.11

1.91

U2

1.91

U2

PAR350

SFR200

Tl\F350

0.308

1.096

0.569

0_309 j 0.146

0.592 0~249

0.464 j 0.223

0.151

0.231

0.252

0.216

0.091

0.258

0.219 1.39 1.39 1.39 r 1.39
---- - --- --- ~- --4

0.096 3.29 3.29 --~'-'~-r' 1.78_

0.280 2.56 2.56 2.09 2.09
- - _._- ._- - ----

A. I between Tt-o·05s. and T1-o·25s.

A.1 between T1-o.lOs. and T:l-o.50s.

AVI at T1-o·50s. ( /30)

Av2 between T.-o.4Os. and T1-o·60s·

AvJ at Tt-I.Os. ( /30)

AV4 between T1-o·80s. and T2-1.20s.

Table T·8.Z Comparison of code displacement with test displacement
showing overestimation for high frequency inputs and
underestimation for low frequency inputs.
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Table T·R.J Measured base displacement, average spectral
displacement, and average spectral ucelera­
tiOD over 0.29 sec < T < ].4 sec.

D LHl s:;
(in) (in)

ELC375

MEX375

BUC300

MIY350

PAC350

PAR350

SFR200

PAR350

1.36 2.27 162.0

1.91 2.19 96.5

1.27 1.55 91.1

1.22 1.36 100.3

1.30 1.55 106.1

1.09 1.42 92.5

0.84 0.87 81.9

1.36 1.53 110.2

Table T·8.4 Maximum base shear rrom Code Formula, Test,
and Response Spectra Analysis.

- Maximum Due .hear

filename F'04t (I:. ) Ftu,(I:· ) F,:.,(I:. ) Fr.,., (I:. )

861119.03 ELC375 36.5 20.2 20.7 38.3

861119.04 MEX375 14.8 24.3 24.5 22.8

861119.05 BUC300 20.7 16.3 16.6 21.6

861119.06 MIY350 38.6 16.5 16.7 23.7

861119.07 PAC350 30.1 17.2 17.4 25.1

861119.08 PAR350 19.7 15.6 16.0 21.9

861119.09 SFR200 46.7 16.0 15.9 16.0

861119.10 TAF350 36.4 18.2 18.5 26.1
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CHAPTER NINE

CONCLUSIONS

Various base isolation systems have previously been proposed but most of them need separate

accessories to provide wind restraint, displacement control, stability and fail-safe capacity. Systems

that provide large reduction of ground accelerations usualJy consist of horizontaJly flexible rubber

bearings solely. These, however, might present stability problems in case of accidental excessive base:

drift, and thus need a support on which the structure can depend in case: of bearing buckling or roll­

out. Furthermore, the damping that elastomers provide does not always meet the level of energy

dissipation needed. On the other hand, a system that is very economical and close to existing practice

consists of frictional elements currently used for purposes other than earthquake protection. In this

study, these two systems were combined into a new one that satisfies all requirements for the

earthquake isolation of structures. The threshold of sliding provides wind restraint, the friction

provides energy dissipation. the reinforced rubber bearings carry part of the vertical load and recenter

the structure, and the tension restraint keeps the structure from uplifting. Furthermore. since the base is

constantly resting on the sliders. (he fail-safe capacity is inherent.

The earthquake simula(or testing showed that the inclusion of teflon sliders in the base-isolation

system drasticalJy improves (he control of displacements at the cost of slightly reducing the

acceleration reduction efficiency of a solely rubber system. For the same model. where fixed base: tests

resulted in acceleration amplification ratios as high as 6. the combined slider-rubber system yielded

ratios around 1, whereas a solely ruhbc:r system typically yields ratios around 0.5. The solely rubber

systems, however, resulted in base displacements around 3 times the ones that correspond to the

combined slider-rubber system.

The high energy dissipation is characterized by the large area enclosed in the base shear

hysteresis loops. and on the average the system provided an equivalent damping of about 20%.

The so-called Alexisismon system uses sliders combined with unreinforced neoprene pads that act

as restoring springs (16]. This system has two major differences from the one described in this report.

The neoprene springs in that system ue not allowed to carry any axial load and all the weight of the
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building is carried by the sliders. This causes the base response, specifically the base shear sliding

threshold. to be totally conttolled by the weight of the building and by the friction coefficient of the

sliders which changes witb velocity. temperature and pressure. Thus, the above arrangement does not

allow the designer to disttibute the weigbt of the building on botb sliders and reinforced bearings. In

the present system, the base shear threshold can be better controlled by appropriate choice of the size

of the sliding area which can be decreased to a very low percentage, since sliders here are not required

to carry the total weight of the building. On the other hand, excessive drift of the base may cause

tension in tbe neoprene springs and thus make them more vulnerable to external factors such as ozon(.

attacks. while in the case of tbe reinforced rubber bearings used here, they are initially under

compression by carrying a fraction of the weight of the sttuclure and this risk is eliminated. In the

case of accidental excessive base drift, pan of the vertical load that is initially carried by tbe rubber is

transferred to tbe sliders and prevents the rubber bearings from buckling.

Many analytical studies hav~: been performed on such systems and mathematical models using

equivalent linear systems have been proposed but none of them accounted for the varying friction

coefficient. The dependence of this coefficient OD the velocity of sliding is important since it causes

stiffening in the system as the base relative velocity increases. Numerical derivation of the measured

base displacements on the sbake table yielded sliding velocities of up to 12 in./se. A variation of this

magnitude causes the tefton coefficient of friction to change by a factor as high as two. thus doubling

the shear resistance of tbe sliders.

When the results from formulas recommended in 1986 by the SEAONC seismology

subcommittee for the design of base isolated structures were compared with the measured values. the

displacements were found to be overly conservative for earthquakes of high accelerations and

frequencies. and were underestimated for low frequency inputs. The base shear and the force

distribution code formulas need to be examined in more detail since they yielded values as bigh as

three times the measured forces for some earthquake inputs. More specifically. tbe coefficient Rw nee~

• more careful iDterpretatioo siDce it wu initially defined fOI aJnvcntionally dcsigr.ed fixed base

Itrueturea that are expcc:tcd to dissipate energy by yielding. A simplified approacb using a response
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spectra analysis, that was considered. yielded satisfactory results.
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